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PROCEEDINGS OF THE SOCIETY OF ARTS. 


THIRTY-SIXTH YEAR, 1897-98. 


TuHurspay, April 14, 1898. 

THE 511th regular meeting of the Society or Arts was held at 
the Institute this day at 8 p.m., Professor Swain in the chair. 

The record of the previous meeting was read and approved. 
A paper on “The Exact Estimation of the Total Carbohydrates in 
Acid Hydrolyzed Starch Products,” by G. W. Rolfe and W. A. Faxon, 
was presented by title, also a paper on “The Reliability of the Dis- 
sociation Values Determined by Conductivity Measurements,” by 
Arthur A. Noyes. 

The Chairman then introduced Mr. S. Albert Reed, of New York, 
who read a paper on “ Fireproof Construction.” The various meth- 
ods of rendering buildings resistant to fire were described, and then 
an account was given of tests made by the Underwriters’ Association 
of New York. These showed that iron columns would give way at 
a dull red heat. The speaker discussed the effects of several large 
fires, and spoke of the danger of extreme height. The paper was 
illustrated by the lantern. A discussion followed, after which the 
Chairman thanked Mr. Reed in the name of the Society, and the 
meeting adjourned. 
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Tuurspay, April 28, 1898. 

The 512th regular meeting of the Society oF Arts was held at 
the Institute at 8 p.m., Mr. Blodgett in the chair. 

The record of the previous meeting was read and approved. The 
following persons were duly elected Associate Members of the Soci- 
ety: Messrs. Charles H. Fish, of Dover, New Hampshire, A. S. Gar- 
field, of Paris, France, and Walter E. Spear, of Lawrence. 

The Chairman then introduced Mr. Albert Sauveur, of Boston, 
who read a paper! on the “Constitution of Steel Considered as an 
Alloy of Iron and Carbon.” Steel was defined as an alloy of iron 
and the carbide of iron, Fe,;C. Its structure follows the law of that 
class of binary compounds which do not form definite compounds nor 
isomorphous mixtures. The curve of freezing points of a saline solu- 
tion of varying density was compared with the curve of melting points 
of an alloy of silver and copper of varying proportions, and this in 
turn was compared with a similar curve of steel containing various 
amounts of carbon. The three curves were found to be essentially 
similar, and the eutectic alloy of silver and copper, which is the one 
having the lowest melting point, and which melts at a constant tem- 
perature, was shown to have properties corresponding with those of 
the cryohydrate of the saline solution on one hand, and with those 
of pearlite in steel on the other. Pearlite, like the eutectic alloy, is 
composed of very fine plates of the two substances, alternating in 
close juxtaposition, and where steel is cooled slowly it forms the 
matrix containing larger masses of iron (Ferrite = Fe) or of the car- 
bide (Cementite = Fe,C, containing 6.67% C). When steel is cooled 
suddenly, however, the matrix is Martensite, the composition of which 
varies with the proportion of carbon in the steel, and the temperature 
at which it was quenched. 

A discussion followed, after which the Chairman thanked Mr. 
Sauveur for his very interesting paper, and the Society adjourned. 





TuurspDAY, May 12, 1898. 
The 36th annual meeting (513th regular meeting) of the SociETY 


oF Arts was held at the Institute on this day at 8 p.m. with Mr. 


Blodgett in the chair. 





? Published in full in the TECHNOLOGY QUARTERLY, June, 1898, Vol. XI, No. 2, pp. 78-92. 
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The record of the previous meeting was read and approved. 

Messrs. C. F. Baker, of Boston, and James G. Melluish, of Bloom- 
ington, Illinois, were duly elected Associate Members of the Society. 

The annual report of the Executive Committee was read and 
placed on file. 


ANNUAL REPORT OF THE EXECUTIVE COMMITTEE 
Presented at the Thirty-sixth Annual Meeting of the Society of Arts, May 12, 1898. 


The first meeting of the Sociery oF ARTs during the present year was held on Octo. 
ber 28, the meeting of October 14 having been omitted to allow members to attend the 
Memorial Meeting in Music Hall, in honor of President Walker. In all, twelve meetings 
have been held, and the following papers have been read: ‘* Recent Work in Heat Measure- 
ment at the Institute,’? by Mr. Charles L. Norton; ‘*Cable and Underground Electric 
Roads,” by Mr. Louis J. Hirt; “Contributions to our Knowledge of the Micro-organisms 
and Sterilizing Processes in the Canning Industries. II. The Souring of Sweet Corn,” by 
Messrs. S. C. Prescott and W. Lyman Underwood; ‘*The Concentration of Ores, with 
Special Reference to Recent Investigations in this Subject,” by Professor R. H. Richards; 
‘* A New System of Pneumatic Dispatch Tubes,” by Mr. B. C. Batcheller; ‘‘ The History 
and Present Development of the American Bicycle,” by Dr. Leonard Waldo; “On Town, 
State, and City Boundaries,” by Mr. Henry B. Wood; “Certain Sanitary Aspects of 
Jamaica,” by Mrs. Ellen H. Richards and Mr. Arthur T. Hopkins; “On Fireproof Con- 
struction,” by Mr. S. Albert Reed ; “On the Constitution of Steel Considered as an Alloy of 
Iron and Carbon,” by Mr. Albert Sauveur; and on “The Economic Relation of Deep Inland 
Waterways to the State of New York,” by Mr. George W. Rafter. 

The membership of the SoclETY OF ARTS continues to increase, although there have 
not been added so many new members as during the previous year. At the close of the year 
1896-7 the number of life members was 59; five have died since then, leaving the present 
number 54. The number of associate members a year ago was 311; of these one has died 
and nine have resigned. These losses are offset by the election during the year of 22 as- 
sociate members, making the total number 323. 

Early in the autumn the Executive Committee lost one of its members by the death of 
Mr. Thomas Doane, who was distinguished as an engineer and as the founder of the Doane 
College in Nebraska. He had been a life member of this Society for many years. The 
other life members who have died during the year are John M. Forbes, Joseph S. Fay, John 
Lowell, and Theodore Lyman. We have lost one associate member by death, Mr. C. H. 
Parker, of Cambridge. 

A notable event in the history of the SocleTy oF ARTs was the election of Professor 
James M. Crafts to be President of the Institute. He was chosen by the Corporation, Octo- 
ber 20, and was introduced to the Society as its President at the meeting of October 28. An 
amendment to the By-Laws of the SocieEry OF ARTS was adopted by the Society Decem- 
ber 9. This amendment provides that three members shall constitute a quorum of the 
Executive Committee for the transaction of business. 

The Board of Publication, which has charge of the TECHNOLOGY QUARTERLY AND PRO- 
CEEDINGS OF THE SOCIETY OF ARTS, was reappointed, with the exception of Professor 
Henry M. Howe, who has removed to New York. Professor Charles R. Cross was chosen 
in his place. The following members, therefore, constitute the Board of Publication as 
now organized: Professor W. T. Sedgwick, Chairman, Professor Charles R. Cross, Professor 
Dwight Porter, A. Lawrence Rotch, Esq., and the Editor, Dr. R. P. Bigelow. From 1880 to 
1891 the SOCIETY OF ARTS published an annual volume of ‘ Proceedings.’? The TECHNOL- 
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OGY QUARTERLY was founded in 1887 by the students, and was published by a board of edi- 
tors chosen from the Junior and Senior Classes, William S. Hadaway, Jr., 87, being the first 
editor-in-chief. Later Mr. James P. Munroe became sole editor, and in 1892 the SocIETY OF 
ARTs assumed control of the journal and united to it the “ Proceedings.” 


It thus became 
the official organ of the Institute. 


By a vote of the Society the Executive Committee was 
authorized to appoint annually a Board of Publication to exercise a general control and 
supervision over the QUARTERLY. The active management, however, falls upon the editor, 


who is appointed by the Executive Committee upon the nomination of the Board of Publi- 
cation. 


During the present year the TECHNOLOGY QUARTERLY has published not only the min- 
utes of proceedings of the Society, and a number of papers at its meetings, but it has also 
contained a number of original articles which have been presented to the Society only by 
title. The series of Results of Tests Made in the Engineering Laboratories has been con- 
tinued, as well as the monthly Review of American Chemical Research. 


Respectfully submitted, 
For the Executive Committee, 
GEORGE W. BLODGETT, Chairman. 


The following officers were elected for the year 1898-99: Mr. 
Arthur T. Hopkins, Secretary, and Messrs. George W. Blodgett, Des- 
mond FitzGerald, Edmund H. Hewins, Frank W. Hodgdon, and 
Charles T. Main, Members of the Executive Committee. 

Mr. N. M. Lowe offered the following resolution, which was 
adopted : 

The Society or Arts desires to acknowledge its appreciation of 
the untiring and efficient labors of its Secretary, Dr. Robert P. 
Bigelow, and to express its regret that he finds it impossible longer 
to serve the Society in that capacity. Therefore Resolved, that the 
foregoing minute be adopted by the Society and spread upon the 
records. 

The following papers were presented by title: ‘“ Experimental 
Study of Transformer Diagrams,” by H. E. Clifford, N. Hayward, 
and R. Anderson; “On the -Telescope-Mirror-Scale Method, Adjust- 
ments and Tests,” by S. W. Holman. 

The Chairman then introduced Mr. George W. Rafter, of Roches- 
ter, New York, who read a paper on “The Economic Relation of 
Deep Inland Waterways to the State of New York.” The early 
history, he said, of the New York state canals is an exceedingly fas- 
cinating study, especially when we consider the extraordinary changes 
which have taken place since the canals were opened in 1825. The 
great interest in the Erie Canal is due to the position of the State, 
which is in the exact line along which the produce of the West must 
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move to the East. The Mohawk Valley furnishes the great oppor- 
tunity. The history of early attempts to construct waterways by 
private corporations was sketched, the history of the canals as at pres- 
ent constructed was described, and then an account was given of the 
projects for making a deep waterway from the Great Lakes to the sea. 
Two main routes were described, one by way of Oswego and the 
Mohawk Valley, and the other through the St. Lawrence River and 
Lake Champlain. Which is the better route is not yet determined, 
but the one through the St. Lawrence has the advantage of being 
a continuous down grade, and requiring less than a hundred miles of 
artificial channel. 

Thirty years ago the canals carried annually from six to eight 
million tons of freight. In 1896 and 1897 they carried only about 
three and one-half millions, of which three million tons was through 
freight, while the New York Central Railroad carried about twenty- 
two million tons. These figures show that the canal is of little value 
to the state, and the opinion was expressed that the canal should be 
turned over to the national government. New York was described as 
the greatest water power state in the Union, being capable of develop- 
ing one and a half million horse power, and it would gain by abandon- 
ing its canals and developing its water power. The speaker closed by 
a description of a trip across the state along the Erie Canal, illus- 
trated by lantern slides. 

The Chairman thanked Mr. Rafter for his interesting paper, and 
the Society then adjourned. 


RoBERT PAyNE BIGELOW, Secretary. 
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THE TELESCOPE-MIRROR-SCALE METHOD ; 
ADJUSTMENTS AND TESTS 


By SILAS W. HOLMAN. 


Received May, 1808. « 


In the telescope-mirror-scale method for measuring small angles, 
an illusory estimate of the accuracy attained may easily arise through 
inattention to the requisite adjustments, tests, and corrections. Yet 
an adequate and well-ordered presentation of them is not to be found. 
Partial statements are given in text-books on manipulation, but Czer- 
mak? alone has given a discussion approaching completeness. Even 
this omits some essential points, and moreover is not arranged in 
a manner to lend itself readily to the practice of the method. 

The following presentation of the subject is designed for the 
observer who would put the method into direct service for obtaining 
measurements of a specified or of a determinate accuracy. It there- 
fore not only discusses the several sources of error, but describes the 
various adjustments and tests in the sequence in which they should 
ordinarily be made, and gives a numerical measure of the closeness 
with which each must be carried out to secure a specified precision 
in the result. Some remarks on the selection of instruments are 
appended. 

The general plan adopted in treating each adjustment or test is 
as follows: To deduce a general, though usually approximate, expres- 
sion for the error attending its omission, or preferably for the correc- 
tion therefor. To deduce therefrom a numerical measure of the close- 
ness with which the adjustment must be made or the test fulfilled, in 
order to insure a designated precision in the use of the method, so far 





* Copyrighted, 1898, by S. W. Holman. Published separately by John Wiley & Sons, 
53 East roth Street, New York. Cloth, 75 cents. 


*CZERMAK. “Reduction Tables for Readings by the Gauss-Poggendorff Mirror Method.” 
Besides a discussion of many of the errors of the method, this book gives extended tables of 
corrections and reductions, of much service in long series of observations. The text is in 
German, French, and English, in three parallel columns. 
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as that source of error is concerned; and to make certain comments 
based thereon. 

To render the problem definite, the tangent of the angle of deflec- 
tion of the mirror is assumed to be the desired result of an observa- 
tion. The deductions are easily adaptable to other less frequently 
employed functions. The expressions for the errors or corrections 
are brought into the form of fractional errors or corrections; that is, 
they are expressed as a fraction of the value of the tangent of the 
deflection. The correction is of course equal to the error, but has the 
opposite algebraic sign, a positive error requiring a negative correction, 
and vice versa. It is more convenient in the present work to deal 
directly with corrections than with errors. The numerical solutions are 
computed on the basis of a desired precision of one part in one thou- 
sand, or one-tenth of one per cent., in the resulting value of the tan- 
gent. The precision discussion based on methods elsewhere stated ! 
is sufficiently obvious. As there are some fifteen sources of error, the 
average effect to be assigned to each consistently with the prescribed 
limit of 0.001 in the result is 0.001 + 4{ 15 = 0.00 030 nearly enough, 
as several of the errors are usually rendered insignificant. The solu- 
tions are also made fora scale of millimeters at a distance of one meter 
from the mirror, and for a maximum deflection of 500 mm. It will be 
found by inspection of the results, especially under I, III, XII, XIII, 
XIV, XV, that 0.1 per cent. is about the limit of accuracy attainable 
under these conditions. 

In the employment of the apparatus absolute values of the tangent 
of the deflection are sometimes sought, in which case the measure- 
ments may be called primary. More often, however, only relative 
values are required, or rather we are concerned as to the accuracy of 
only relative values of the tangents. The measurements may then be 
called secondary. An example of the secondary use is where the tele- 
scope and scale are employed with a reflecting galvanometer to meas- 
ure currents, and where the “constant” of the apparatus is found by 
sending a known current and reading the deflection. In such cases 
any constant fractional errors in the telescopic method enter into the 
“constant,” as well as into subsequent observations, but with opposite 
signs, so that they are eliminated from the results. It is therefore 
needful to discuss the errors with respect to both primary and second- 





*“Precision of Measurements.” John Wiley & Sons, New York. 
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ary use of the method, and relief is thus found possible in the latter 
from some of the exactions of the former. 

When reversals are taken, that is, when the mirror is deflected so 
that a reading can be made first on one and then on the opposite half 
of the scale, certain sources of error are reduced by averaging the two 
deflections. This is usually precluded in practice, however, by such 
conditions as continual change in the reading, avoidance of delay, etc. 
Both cases must therefore be discussed. 

The desired tangent or other function of the angle of deflection 
is computed from the observed scale-reading d and scale-distance 7 as 
stated under XVI. We will assume that it is found, with due allow- 
ance for the approximation involved (cf. XVI), from the expression 


tan 9g = 


: Latutotwt. sa 


ry 


where wu, v, w, etc., are the fractional corrections to the observed 
tangent to allow for the various sources of error to be pointed out. 
As d enters as a direct factor in this expression for the tangent, the 
fractional corrections may be applied directly to @. In fact it is more 
convenient in deducing the formule to find an expression for either 
éd, the numerical correction to d, or for 8d/ d, the fractional correction 
to d. Thus éd is sucha quantity, expressed in scale divisions, that 
when added to the observed scale-reading d it will give the correct 
scale reading, as far as the designated source of error is concerned. 
And éd/d= u or », etc., is this correction expressed as a fraction of 
the observed reading d@. The algebraic sign of any correction may be 
either determinate or indeterminate. Also it may be noted that as 7 
enters as a factor in the denominator, the corrections , v, etc., may 
be applied to or deduced for 7 instead of d, if desired, but with the 
difference that the algebraic sign would be reversed. Any corrections 
which may prove to have a constant value may be included once for 
all in the numerical constant 1/2” Constant fractional corrections 
disappear when merely relative deflections are used, or when the con- 
stant is determined. by calibration, as above stated. The assumption 
is made that none of the errors with which we have to deal are in 
excess of I or 2 percent. Greater ones must be reduced by instru- 
mental rearrangement before they can be determined with sufficient 
closeness. 
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The algebraic expressions which will be deduced for u, v, w, etc., 
are useful in two ways: First, they enable us to compute the correc- 
tion to be applied to any observed reading; second, they are used in 
the precision discussion, which shows how closely each correction must 
be worked out to secure a prescribed accuracy in the value of tan, or 
how close an adjustment is needed in order that the correction may be 
omitted without introducing more than its due share of error into the 
result. These will be called negligible corrections. Any error of 
this magnitude produces an effect not more than is admissible on 
the result, and the effect of one as small as one-third of this amount 
will be inappreciable. 

The results deduced for the telescope-mirror-scale method are in 
general directly applicable to the mirror method where a beam of light 
replaces the telescope. 


THE PROCEDURE. 


1A Preliminary.— 

ane Focus the cross. 
- wires in the eye- 
a piece. Set up the 
2 apparatus nearly in 


--+* 
ia 


=a <5 
a 20 5 a proper position as 
ee in Figure 1, adjust- 
ing telescope, mirror 
Pian and scale so that the 
scale is visible. The 
following description 





will assume the dis- 

position of the ap- 

paratus to be the 

S:; by most usual and sim- 
ide 


= ple one, shown in 


= Figure 1: The scale 
M\-= San ee eee ~q A B is_ horizontal 
Fic. 1. with its middle point 

just below or above 

the optic axis of the telescope, which is perpendicular to the scale. 
The mirror (plane) faces the telescope and scale at a convenient dis- 
tance. The horizontal distance 7 between scale and mirror should then 
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be roughly measured, say to 1 per cent., for use in the approximate 
computations in the several tests, etc. The selection of this distance 
is determined largely by convenience, and usually lies between one 
and three meters. It must be sufficient to insure to the smallest 
scale-readings to be observed, a sufficient number of divisions to be 
read with the requisite fractional precision. This means greater dis- 
tances and higher magnifying power for very small angles. Labor 
in computation may be saved by making this distance some simple 
round number, ¢.g., 1,000 or 2,000 scale divisions, but the work of 
this adjustment will usually outweigh that of computation. The 
distance must, however, be maintained accurately constant. The 
telescope may be at a distance different from that of the scale, 
if more convenient, but further removal reduces the magnification. 
As far as the principle of the method is concerned, the telescope 
may be at any position whatever relatively to the scale, consistent 
with having the line from the middle of the scale to the mirror nearly 
horizontal, as pointed out in test X. If there is annoyance from dupli- 
cate reflections from the glass front of the mirror house, the glass 
may be slightly tilted forward. 

The following tests and adjustments are then to be made in the 
order in which they are given, a repetition of any of them being sub- 
sequently made if disarrangement may have occurred :— 


ADJUSTMENTS AND TESTS. 


A list is here given of the various adjustments and tests, together 
with a brief statement for convenient reference of the closeness neces- 
sary to correspond with an accuracy of one-tenth of one per cent. in 
the resulting value of tan g, assuming a straight millimeter scale at 
a distance of 1 meter, with deflections not exceeding 500 mm. and 
not less than 100 mm., readings being taken to tenths of a millimeter 
by the eye. 

I. Cross—WirE Focus. —By parallax test there must be no 
apparent motion of wires, or less than 4, division. Telescope must 
also be perfectly focussed. Primary and secondary measurements the 
same. 

II. Optic Axis OF TELESCOPE RapDIAL.—P. M. Cross-wires 
centered within I mm., or better, to 0.2 mm., if possible, when tested 
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on scale at distance of I m. Optic axis must pass within 1 mm. of 
axis of suspension. 

III. ScaLte GraApDuATION. — The average error in the distance of 
any ruling from the central ruling must be less than 0.03 mm. P. M. 
and S. M. the same. 

IV. Cover-GLass Tuickness. — P. M. Glass negligible when 
less than I mm. in thickness. S.M. Glass always negligible. Glass 
must permit good definition. 

V. Cover-—GLAss SURFACES PARALLEL.— P.M. To be negli- 
gible, the maximum displacement must be less than 0.3 mm. on rotat- 
ing the glass 180° in its own plane. If more is found, the glass must 
be kept in the position of minimum displacement. S. M. The same. 

VI. Cover-GLass CurvATURE.—P. M. To be negligible, the 
focal length of the cover-glass must exceed 70 meters. This will be 
the case when an object at a distance of 10 meters from the telescope, 
and sharply in focus with the cover-glass interposed, does not require 
to be moved through more than about I meter towards or from the 
telescope to maintain the focus when the glass is withdrawn. S. M. 
The error is here always negligible. 

VII. Mrrror Tuickness.—P.M. Negligible thickness is 0.5 mm. 
S. M. Always negligible. 

VIII. Mrrror Eccentricity. — P. M. Negligible up to an eccen- 
tricity of 1omm. S.M. Also negligible. 

IX. Mirror Curvature. —P. M. Correction depends on amount 
of eccentricity. It vanishes with no eccentricity. For specific case 
see later. S.M. Curvature has no sensible effect. 

X. Mrrror VERTICAL AND VERTICAL ANGLE 7MO SMALL. — 
P.M. Telescope and scale must not be separated vertically by more 
than6omm. S.M. Negligible, and distance need not be very small. 

XI. ScaLe Horizontat.—P. M. Error insignificant when end 
of scale is not more than I or 2 mm. out of horizontal through middle. 

Negligible up to12 mm. S.M. Negligible for several centimeters of 
tipping. , 

XII. ScaLe PERPENDICULAR TO OM anv PLANE.—P. M. With- 
out reversals, the difference in distance of the ends of the scale (the 
500 mm. marks) from the suspension fiber must be less than 0.6 mm. 
With reversals, 25 mm. is close enough. Scale must be plane within 
these limits. S.M. About the same as in primary. Hence advan- 
tage in reversals where practicable. 
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XIII. Nuit Pornt.—P.M. The scale once fixed in place can- 
not be disturbed without impairing XII. Hence accidental change 
of null reading must be remedied by turning the mirror, not by mov- 
ing the scale. With reversals, the null reading may be as great as 
17 mm. without correction. Without reversals, the null reading must 
be less than 0.6 mm., even if allowed for. S.M. Same as in primary. 

XIV. Distance oF ScALE FROM Mirror.—P. M. This must 
be measured and heft constant within 0.3 mm. This demands more 
than the usual attention, and renders some special device important. 
See XIV later. S.M. The same. 

XV. EstTIMATION OF TENTHS OF DivISION. 
to be read in both P. M. and S. M. 

XVI. To CompuTE THE DEsIRED FUNCTION oF g from the ob- 
served deflection d. Details are given under XVI later. Five places 
of significant figures should be used in d, etc.! 





Nearest tenth is 


I. Cross—WIRE Focus. 


The cross-wire intersection must be brought accurately into the 
focus of the eye-piece on each occasion of use of the apparatus, and 
by each observer for himself. Inattention to this point may easily give 
rise to an error as great as half a scale division. The focussing should 
be done by the parallax method, as follows: Focus the wires as sharply 
as possible by moving the eye-lens. Then focus the telescope very 
carefully on the scale or on some object showing some sharply marked 
point of reference. Move the head to and fro sidewise, so that the 
pupil of the eye shall travel from one side to the other of the aperture 
of the eye-piece. If the wires are not in focus they will appear to 
move over the scale. If so, refocus them, and then refocus the tele- 
scope on the scale. Continue until no apparent motion of the wires 
is perceptible. Good focussing is promoted by looking away from the 
telescope frequently ; also in some cases by fixing the attention of the 
other eye on a printed page held at the distance of most distinct vision 
beside the telescope. The accurate focussing of the telescope is not 
less important than that of the wires. The error from imperfect focus 
will be indeterminate in sign and magnitude. 


PRIMARY MEASUREMENTS. — The negligible correction will then 
be + 8d, whose magnitude must be such that 8¢/d = 0.00030 for 





* Computation Rules and Logarithms. The Macmillan Co., New York. 
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the smallest value of d to be used. Now deflections of less than 100 
divisions are not employed in exact work for reasons shown in XV. 
Hence substituting d = 100 mm. we have + 6d = 0.03 mm. The 
extreme motion of the eye in the parallax test will obviously produce 
a displacement of the maximum error, and more than double the aver- 
age error. Hence the focus will be good enough when the maximum 
displacement by the parallax test is less than about 0.06 divisions, or 
about 51, of the smallest scale division. It is clear, then, that the 
utmost attention to this detail is necessary. 


SECONDARY MEASUREMENTS. — This source of error affects pri- 
mary and secondary measurements equally. 


II. Optic Axis oF TELESCOPE RADIAL. 


This adjustment requires two operations: First, centering the 
cross-wire intersection, that is, bringing it into the optic axis ; second, 
directing the optic axis towards the axis of suspension, e.g., by focuss- 
ing the wire intersection upon the suspending fiber. 

The second operation is obvious enough, but must be repeated 
from time to time by way of precaution. It is not easily executed 
when the telescope draw-tube does not permit of focussing on objects 
as near as the mirror. 

The well-known method of centering the wires is briefly as follows : 
Lay the telescope in a pair of V grooves—temporary wooden ones 
will suffice. Focus on the scale, or on a few rulings roughly equal to 
the scale divisions, placed at a distance about equal to 7/7. Rotate 
the telescope in the grooves. The wires are centered when the inter- 
section shows no motion on the scale when thus rotated. If adjust- 
ing screws are provided, the diaphragm carrying the wires should be 
centered until the motion is less than 0.1 or 0.2 mm., as demonstrated 
later. If, as is commonly the case, there is no means of adjustment 
of the wires, they must be remounted if the extreme apparent dis- 
placement on turning through 180° is more than about 1 mm., for 
work of the accuracy here assigned. 

DEMONSTRATION. — We will take the simplest case, where the 
optic axis 7F of the telescope is at right angles to the scale AB. If 
adjustments XII and XIII had been made the relative positions would 
be slightly different, but the result would be essentially the same as 
far as this source of error is concerned. Suppose the telescope so 
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located that 7F meets the mirror at c’ instead of c, the latter being 
in the vertical axis of suspension. Let cc’ be denoted by z. Then we 
seek an expression for the fractional correction $d /d for the error 
which z will produce. 

If c were at c’, as it should be, and were deflected through an angle 
g, the observed reading OA would be the true reading d desired. With 
c at c’, the observed reading becomes OA', and A'A=éd. As Tc'!=r, 
we have 8d:¢' c!’=d:r. But cc’! =z tan gy =a (d/ 2r) approx. 
Hence 8d/ d= sd /2r* approx., for a deflection on the side consid- 
ered. For a reverse deflection the correction would obviously be of 
the same amount, but the opposite sign. 

Imperfect centering of the wires, besides misdirecting the optic 





axis, introduces a slight error through the smaller magnification of the 
outer scale divisypns, but this may be easily shown to be small com- 
pared with the foregoing. 

PRIMARY MEASUREMENTS. — Without reversals. As the negligible 
correction above assigned is 5d /d = 0.00 030, the negligible value of 
z for the worst case, where y= 1,000 mm. and d = 500 mm., is to be 
found from z = (8d/d) / (d/ 27°) =0.00 030 X 2 X (1,000)? + 500 = 
1.2mm. Thus the optic axis must pass within about + 1.2 mm. of 
the axis of suspension, which demands no inconsiderable care. As 
the adjustment requires two operations, both must be made closer 
than this limit, or one must be rendered imperceptible. The latter, 
by careful centering of the wires, is usually easier of accomplishment. 
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If this is done so that the displacement in the above test is less than 
4 of 3, 7.¢., 0.4 mm. on a scale at the distance 7M, or better to 0.1 or 
0.2 mm., this part of the error will be negligible. 

With veversal of deflections, this source of error vanishes when 
zg does not exceed 2 or 3 mm. 

SECONDARY MEASUREMENTs. — Substantially the same degree of 
care is needed as in primary work. 


III. ScaLeE GRADUATION. 


The graduation must be uniform to such an extent that the actual 
correction 6d to any observed deflection d@ shall be small enough to 
make 6d/d less than the assigned limit. The only thorough way to 
test this is to measure out from the middle point of the scale to each 
successive smallest division by some comparator or dividing engine, 
thus determining every value of 6¢/d, and then to apply the correc. 
tions thus found unless they are negligible. If an error not exceeding 
55 mm. is admissible on a mm. scale, the test may be made by laying 
a standard (Brown and Sharpe) mm. scale against the unknown one, 
and inspecting the coincidences of the rulings. The first 50 or 100 
divisions either way from the middle are not employed in work of even 
moderate accuracy, because the value of d is then so small that the 
unavoidable fractional error from the eye estimation and other sources 
is excessive. 

PRIMARY MEASUREMENTS. — The requisite accuracy of graduation 
for the above assigned limit would be attained when for the smallest 


value likely to be used for d in such work, viz., d= 100 mm., 

sd = ; : 

_ 0.00030 ...d¢ = 0.030 mm. That is, stated briefly, the av- 
a< 

erage error in the distance of any scale division from o should not 
exceed 0.030 of a division. This limit can hardly be attained in paper 


scales without great care. 


SECONDARY MEASUREMENTS. — Any systematic error of the scale 
which makes it too long or too short by a constant fractional part, z.e., 
for which é¢/d is constant, will be without effect, since it will cause 
the value of the “constant ”’ found in calibration to be too small or 
too large by an equal fraction, so that the error in the constant and in 
deflection readings will exactly offset each other. The znegualities of 
graduation must be, however, less than 0.030 division. 
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IV. Cover GLass THICKNESS. 


If the glass has plane parallel faces and is of a thickness ¢, it will 
displace the ray parallel to itself at each passage. As the simplest 
case, suppose the glass to 
be so placed that a ray JA a 
OM from the center of Z-1A 
the scale to the mirror is 
normal to the glass. Then 
the ray will experience no nye? ‘, 
displacement in passing —— d 
from O to JZ, but would be M=— — aie = 
displaced from J7A to g A! 
in passing from J/ to the 
scale. So that with the tel- hw 
escope at Oa reading O A’ 








= dwould be observed in- 





stead of the true reading Fic. 3. 

OA. The correction 8a; 

to d; is therefore A A'= gb. Now gb = be — ge, be =t tan 29, ve 
=ftan gce. By law of refraction, 7 being the index of refraction, 





sinh gc I tan gce F 
aipeneane Re, EG nea WS — approx., as 2q@ is small. 
sin fg A nu tan 29 
I ; 
-. dd; = ¢ (tan 29 — — tan 29) approx. 
n 
\ 


= I 
=f (1 sia —) tan 29 approx. 


For ordinary glass x = 3 
2 
ba, = - a : bay ae 
3 Ff a 37 > 
Inspection of the diagram shows that the sign of the correction is \ 
oo ; 8 
positive on either side of O. Hence od — oi he reflecting 
¢ 3 r 


surface of the mirror is supposed to contain the axis of suspension in 
all cases unless otherwise specified, so that OM =r. 





—- 
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If, however, the glass is not perpendicular to OW, the error 
becomes unsymmetrical, and dependent upon the horizontal angle 
between OY and the mirror. It is best, therefore, that the angle 
should be kept very nearly 90°, as may easily be done. With a very 
thick cover-glass this point would require special investigation. 

The effect of the thickness of the cover-glass may be readily shown 
from the above formula to be equivalent to the reduction of the scale 
distance 7 by one-third of the thickness of the cover-glass. 


PRIMARY MEASUREMENTS. — The requisite thinness of the cover- 
glass, in order that the omission of the correction may be admissible, 
may be found from 

bd t 


wot = 0.00 030 ... f= 3.1000 - 0.00030 = 0.9 mm. 
a 37 = 


The correction must therefore be applied when, as is almost always 
the case, the cover-glass is more than about I mm. in thickness. 


SECONDARY MEASUREMENTS. — Since the fractional correction 
8d /d is constant, the correction disappears in this work as in other 
similar cases. 


V. CovEerR-GLAss SURFACES PARALLEL. 


Defect with regard to this is common. Its effect depends so much 
upon the various possible angular positions of the surfaces relatively 
to OM that it is not readily reducible to a general expression, but an 
easy and sufficient test can be developed. Give the mirror a deflection 
to about the end of the scale. By clamping, or in some effectual way, 
hold the mirror so that this reading shall remain fixed ; focus sharply ; 
then using due care not to disturb the apparatus, place the cover-glass 
flat against the objective of the telescope, or better against some dia- 
phragm arranged to hold it not far from the objective; read closely. 
Now rotate the cover-glass through 180° in its own plane, pressing it 
against the objective or diaphragm, and read again. A change of read- 
ing due to twice the refraction by the prismatic or wedge shape of 
the glass will be found. Turn the glass in its own plane into various 
(marked) angular positions and thus locate the diameter along which 
the displacement is greatest. This will locate the direction of the 
edge of the wedge, that is, the intersection of the two plane surfaces, 
since this must be vertical when that diameter is horizontal. 
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PRIMARY MEASUREMENTS. — It is more prudent not to use a glass 
which shows a maximum displacement S exceeding 0.3 mm. at a great- 
est deflection of d= 500 mm.; for the negligible correction will be 

bd S 


SO sees 0.00030 .°. S=0.3 mm. 
ad 2 500 < 

If this limit is not easily reached, the wedge axis may be placed 
horizontal, which will sensibly eliminate the error. But this requires 
that during all use of the apparatus the cover-glass be continually 
inspected to see that it is in the proper position: 

In making this test the cover-glass may often, to good advantage, 
be rotated in position instead of being removed and placed in front of 
the objective. In that case special care must be taken not to disturb 
the mirror when the glass is being rotated through 180°. The maxi- 
mum displacement observed in this method of test in either case is in 
excess of the worst error which the wedge would cause in the obser- 
vations, unless it was reversed in position from time to time — which 
must be guarded against if the glass is poor. 

SECONDARY MEASUREMENTS. — No relaxation from the foregoing 
requirement is admissible. 


VI. CoverR—GLass CURVATURE. 


Minor irregularities in the surface of the cover-glass of the mirror 
house produce merely a blurring of the image, such as is seen in look- 
ing through ordinary window glass with a telescope. The cover-glass 
must be sensibly free from this. If either surface of the cover-glass is 
systematically curved, the glass will act as a lens. The focus of points 
seen obliquely through the glass is then changed in both distance and 
direction. The change in distance is either unnoticed or is corrected 
by the focussing of the telescope. The change of direction causes an 
error ind. The glass may be equivalent to a spherical lens or to a 
cylindrical lens. The effect of the change in direction may be studied 
by the central ray of any beam; we are concerned here with the curva- 
ture as revealed by a horizontal section only. For simplicity, suppose 
the glass to be equivalent toa spherical lens D G of focal length f with 
its axis coincident with O JZ If the lens is convex, the true read- 
ing A will be shifted to A’ toward O, if concave, in the opposite 
direction. 
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The correction required and the method of test may be developed 
as follows: The lettering of the diagram (plan) being as before, let 


OA = d= true deflection reading, 
O A' = 4d, = observed deflec- 








AA tion reading, 
a MG =e =p, = distance of 
a JA’ cover-glass G from mirror 

Pre as (roughly), 
woe J and M = conjugate foci of 
D ¢ axes 
aa O lens G when MG er the focal 
J MG 

\ length of G, 

nia J G= pz AM, A']7 = straight 
lines. 


As we have treated separately the thickness of the glass, A 17O 


=: «, A’ J O = Z. 





But by the law of lenses, inserting for convenience the negative 
sign because ~, < f, 
ne 


I 
pi p2 F e fp Of 


Hence multiplying by e¢ and transposing “=1—44, 
f2 t 
aq _e e e e e e 
= = 1—-2—-—+ [= 1-S5(+ =). 
d r t r rf P r 


The signs will obviously be the same for deflections on the opposite 
side of O. The correction is therefore 


bd d— da, i aq _eé e 
7 a approx. = I a (I+ —). 





But in all ordinary cases ¢ < | +, so that for the present purpose 
10 


C.: pus P 
= negligible compared with 1, and od = 


e 
a Ya 
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This evidently applies to deflections in either direction, provided 
that the axis of the lens coincides with O /,; otherwise the correction 
would be unsymmetrical and would contain another term. The effect 
of this want of symmetry, however, would be detected under test V 
for wedge shape of cover-glass, and therefore need not be here discussed. 

If the cover-glass proves to be cylindrical in the test given later, 
the worst effect of the cylindrical surface will be produced when its 
axis is vertical. The correction is then the same as for the spherical 
surface. 


PRIMARY MEASUREMENTS. — The negligible correction may be 
dd — @ 
found from —— — = 0.00 030. 
c= F 


Assuming a value of ¢ = 20 mm., not often exceeded, this yields 
JS = 20/0.00 030 = 7.10'mm. = 70m. Hence the cover-glass, whether 
equivalent to a spherical or a cylindrical lens, must have a focal length 
exceeding 70m. How the actual value of f is best determined will 
presently be shown. 


SECONDARY MEASUREMENTS. — The fractional correction to the 
deflection is constant. Hence in secondary work the error introduced 
in the “constant”’ by neglect of the correction exactly offsets the 
errors entering into the subsequently observed deflections by the same 
cause, so that the systematic curvature has no effect. 


MEASUREMENT OF f. — Direct the telescope (any good telescope 
other than that of the apparatus will answer if more convenient) upon 
any well defined object, such as a printed page, held at a distance of 
several meters (10 or more if practicable). Interpose the cover-glass, 
placing it directly in front of the telescope. Focus sharply ; remove 
the cover-glass. If the glass is equivalent to a lens with spherical 
surfaces, the object will cease to be in focus. Without changing the 
focus of the telescope, bring the object towards it (concave) or move 
it away (convex) until the focus is again sharp. Let a denote the dis- 
tance from glass to object in the first position and 4 in the second. 


Then - ras sont oa as the two positions are conjugate foci. In 
a 


actual measurements it is, of course, better to measure (a — 0) directly 
with some care, and then a roughly (or 4), thence computing J and f. 
To detect unequal curvature of different parts of the glass, it is well 
to measure f for each of its four quarters successively, covering its 
remaining surface. 
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It may sometimes be better merely to test whether / is sufficiently 
creat without actually measuring it. Thus if the limit is f > 70 m., 
then if the object be set up with a = 10 m., for example, 


I 


I 


r= . 5=88m. 
b 70 10 700 





or a—b=1.2 Mm. 

If, therefore, 6 were distant from a by as much as I m., the glass 
would be good enough. Cover-glasses should never be found so poor 
as this on good instruments, but this cannot be relied upon, as makers 
frequently send out very unfit glasses. The glass should be tested 
by focussing through it separately on vertical, horizontal, and oblique 
lines. Difference of focus shows a cylindrical form which may or may 
not be superposed upon the spherical. The test should be applied to 
that value of f which makes a — @ the greatest. 


VII. Mrrror THICKNESS. 


The mirror usually consists of a thin plane-parallel piece of glass 
“silvered”’ on its rear surface. If in any case the mirror were very 
thick it would require special investigation as to corrections for want 
of parallelism or planeness of faces; but with thin mirrors ordinarily 
used, and the quality which is insured 
by the requirement of good definition, 
these points may be safely neglected. 

Inspection of the figure will show 
that a ray ad passing obliquely into the 
front surface of the mirror will pass out 
along cd, parallel to ef, the path it 
would have travelled had there been no 
glass in front of the reflecting surface. 
Also, the emergent ray cd is displaced 
from ef by the same amount it would have been had it passed through 
a plane-parallel glass of twice the thickness of the mirror. Since by the 
process of adjustment the line O 7 is sensibly normal to the mirror, 
the correction will be symmetrical with respect to O. If, then, 7’ rep- 
resents the me > thickness, the correction to be applied to it will 

ad 2 t' 


obviously be ——-=—. —., 
ad 5 r 
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PRIMARY MEASUREMENTS. — Requisite thinness of mirror to be 
negligible = 0.5 mm. 

SECONDARY MEASUREMENTS. — The fractional correction being 
constant may be wholly neglected. 


VIII. Mrrror EcceEnNtTRrRICITY. 


If the vertical axis of suspension does not lie in the reflecting 
surface of the mirror, the eccentricity will cause an error in the scale 
reading. As the simplest case, 
let c 7 represent the reflecting ZA, 
surface (plane) in its normal 27 A 
position, O MW being perpendic- ‘. F 
ular to it; and let Y be the My Ze 
axis of rotation. When the , 4 
mirror turns through an angle Y-—-—=— 
q to the position J7', the re- 0 
flected ray going to the tele- ; 
scope at O will be A’ N instead aie 


of A NV which it would have been had Y passed through 17. The cor- 
rection to the observed reading d' = O A! is therefore A A’; and for 
this an expression must be found. From the figure, 


dd, = AA'=bN=MN - tan 29, 





MN=cM-tang= cM: tang= 1 YM: tan? g, 
2 2 
ae | : I ay - : 
tang = tan 29 (approx.) = a 3 ae Also let = X, 
4 
> 8 
bd, —_— x é si 
8 73 


This correction will obviously be the same in sign and amount for 
equal deflections in either direction. Hence 


bd ‘i « &# 


a -— a. 


PRIMARY MEASUREMENTS. — The requisite smallness of Y may be 
found from 


dd si xX i 
a ee eee 


- 8-1 : 2 
— 000 - 1000 





- 0.00030 = 10 mm. 
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It is rare that the arrangement of the apparatus is such that the 
eccentricity exceeds a few millimeters, so that this correction is ordi- 
narily quite negligible. If the normal position of the mirror is oblique 
instead of perpendicular to OM, the correction becomes unsymmetri- 
cal. and would require further investigation for special cases if the 
eccentricity were large. 

If the apparatus is such that the correction is not small and must 
be applied, the above form may be insufficient, owing to the inaccuracy 
produced by the approximation tan g = — tan 2g employed in de- 


ducing it. It is, however, easy to modify the expression so that it 
may have any desired accuracy, by inserting in place of the approxi- 
mation the series expressing tan @ in terms of d/, given later. 
SECONDARY MEASUREMENTS. — As the fractional correction to d 
has a constant value it vanishes for all values of d as in former cases. 


IX. Mirror CuRVATURE. 


This produces no error if the axis of suspension of the mirror is 
tangent to the spherical reflecting surface. If the curvature of the 
mirror is irregular, the definition will be impaired ; but if the telescope 
collects the light from the whole mirror, no sensible irregularity of 
reading will be caused. 

In the diagram, which is exaggerated for clearness, let Y be the 
vertical axis of suspension, 17 the mirror undeflected (assumed con- 

cave), and O Y the 
C- line from Y to the 
a center of the scale, 
-” “F N- andto which the un- 
sat deflected mirror will 
Yo be normal. Suppose 
” the mirror to be 
ae turned through an 
7 angle g about Y, 
then ‘its new posi- 
tion will be J/' R’, 
M having moved to 
M' through the angle 17 YM' = g. YM' Cis now normal to the 
mirror, and let JZ’ C be the radius p of curvature of the mirror. 
A ray along O Y would now meet the mirror at £, whereas, if the 
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mirror had been plane, the reflection would have been from F; and 
if there had been no eccentricity, from J/, since Y would then have 
passed through 47. The error due to the forward motion from F to 
E would be capable of correction by the same expression as that 
for I/F, but it may be shown to be so small as to be negligible 
except when-p is very short, in which case, however, the mirror is 
not safe for use in accurate work even with the application of the 
correction. It is therefore at first necessary to deal only with the 
error which comes from the increased angle between the normal and 
OF. Owing to the curvature of the mirror, the normal to the mirror 
at £, instead of lying parallel to YC and therefore making an angle ¢ 
with O £, makes with it a greater angle CE O= g + a, where a is of 
course equal to the angle between the tangents at J/ and J/’. 
We desire an expression for the fractional correction 6¢/d. But 
$8¢ __ tan 29; — tan 29 __ tan 2g, — tan 29 
S* es tan 29; a tan 29g 





approx., 


__ tan g; — tan @ approx 
tan ¢ 





Now 9; = 9 +4, and a is always very small; 


tan g + tan a 








*, tan 9, = = tan » + tan a approx. 
I— tan ¢ tana 

_ 8d, __ tana 

' a” tang 


But as 17’ .:. Cand £ Mare parallel, 7’ CE=a; and as £ and F 
are nearly coincident and F J/' is perpendicular to Y C, 








tana X 

tang p- 

ry ay S38 
= — approx. 

ay; Pp 


For a deflection in the opposite direction the correction would be 
the same, so that the general expression for the correction is 


r) a X 


ad - 
For a concave mirror p is +, for a convex mirror —. 
PRIMARY MEASUREMENTS. — The limiting value of p may be found 
from 


8d; / a, rg 0.00030 = X/p. 
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With XY = zero, that is, no eccentricity, the correction vanishes. For 
X =1mm., p = 3300 mm. = 3.3m. For X= 10 mm., p = 33 m. 
and soon. An accidental curvature of less than 3 m. is not unlikely, 
and an eccentricity of I mm. is not uncommon and by no means 
always avoidable. It is therefore necessary to measure p roughly as 
shown below, but it is unlikely that the correction will be large when 
a presumably plane mirror is used, and a little consideration of the 
character of the error will show that a mirror requiring a large cor- 
rection cannot be employed. 

SECONDARY MEASUREMENTS. — As the fractional correction is 
constant, it may be entirely omitted. 

To MEASURE p.— Focus the telescope sharply on the reflection 
of the middle of the scale from J/7 as in using the apparatus. Meas- 
ure J/O within a few mm. Turn the telescope slightly so as to be 
able to look beyond the mirror, and place a printed page or other suit- 
able object in the line of sight at a distance about equal to J/ 0. 
Without changing the former focus of the telescope, move the object 
towards and from the telescope until a point P is found at which the 
focus is again sharp. Measure J/ P within afew mm. Then the 
radius of curvature of the mirror is 

MO 
_ MO 

MP 
in which the numerical values of both J7 O and /P are considered 
positive. If J7P > AZO, clearly p is positive and the mirror is con- 


p=2 


cave. If 17 P < WO, pis negative and the mirror convex. 
If it is merely necessary to know whether p exceeds a specified 
limit, this expression may be transformed into 


BP a 2 O... 
2MO 


p 


It is then merely necessary to calculate the value of J/ P and to 
see that the object is in focus at a distance less than this in the above 
test. 

X. Mirror VERTICAL AND VERTICAL ANGLE 71/0 SMALL. 

Let 17 H = horizontal line through J/, 
MZ N= normal to mirror, 
TM O=line of sight when ¢ = 0. 
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The reflecting surface of the mirror is here assumed to coincide 
with the axis of suspension, so that 17 H =r. 

If the mirror is vertical and the telescope and scale are both at H, 
no correction will be required. The mirror may be made vertical or 
nearly so, but Z must usually be either above or below the scale, 
hence the angle 7 47 O cannot be zero. Figure 8 represents the case 
when neither 17 nor 7 MO are zero, and where VO< NZ. For 
this case the fractional correction will be shown to be 


8d NH-wNO 
._- + 


This obviously approaches zero as V#/ approaches zero, 7. ¢., as 
M becomes more and more nearly vertical. It will disappear if the 
mirror is exactly vertical whatever the angle 7 M/ O (within the limits 
for which the formula holds). But as it is of course impossible to 
render J/ exactly vertical, it is necessary to inquire how nearly so it 
can probably be rendered, and what would be the corresponding limit 
of 7 I7O. With considerable care the mirror may be made so nearly 
vertical that JV will fall within 10 mm. of 7. 

Inserting then V H = 10, r= 1000, and 8d/d= 0.00 030 and 
solving for V O gives V O = 0.00 030 - 1000? + 10 = 30 mm. 

PRIMARY MEASUREMENTS. — Thus as VO is approximately equal 
to WV 7, the telescope and scale must not be farther apart than 60 mm. 
Many forms of telescope and scale are so faulty in design that this 
closeness of approach is impossible. Most forms provide for motion 
over a much greater range. No such motion is necessary, and none is 
desirable. 

SECONDARY MEASUREMENTS. — Since the correction is a constant 
one so long as 7, N, and O remain fixed, no correction is necessary in 
secondary work, and no special care to have W H and NT small. 
Since, however, the correction formula is only approximate and applies 
only to small values of V O, the adjustment should be made somewhat 
nearly to the above limit. The values of WM H and MV 7 must not 
change during a series of measurements by as much as the above 
amounts. 


DEMONSTRATION. — Let Figure 8 represent the apparatus in side 
view, J/ being the mirror, O the middle point of the scale, 7 the 
telescope, JZ V the normal to the mirror when deflected, and 17 H 
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a horizontal line through J7._ Let the dotted line through O be a 
vertical line, and assume 7, J, and / to lie upon that line, so that all 
the lines of the figure lie in a vertical plane through O WZ. The 
mirror, which should be vertical, is inclined to its vertical axis of 
rotation by the small angle a. Thus the normal J/ XN, which should 
coincide with 17 H when undeflected, makes with it the angle V 7 H 
=a. The telescope and scale should coincide (7 with O), but can- 
not. Hence the telescope is at any position 7 above or below the 
scale O,and VM T=NMO=B. 

Let Figure 9 represent a vertical plane through the scale and 
viewed along 17H. Then S S will represent the scale, H’ H" a 
horizontal line through # and at right angles to 7 H, and 7’, N’, O’, 
and H' the points 7, N, O, and #H respectively. Suppose now the 





T’ 
4 
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Pn: a —Ag ite s 
Me tee : LA K ‘O 
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Fic. 8. Fic. 9. 


mirror is turned about its vertical axis of suspension, assumed to pass 
through J/, through a small horizontal angle g. Thus the normal 
M N will describe a conical surface with a vertical axis and having its 
vertex at 47. This cone would intersect the vertical plane through 
the scale in an hyperbola with its vertex at 17’. Let V’ NV" be a hori- 
zontal straight line; then if VV’ V"’ be the horizontal projection on 
this plane of the part of this hyperbola described when J/ turns 
through g, we have, 


tan@ = N' N" | Miz wN' N" | ¢. 


It is also true that as g is small, the hyperbola will sensibly coin- 
cide with V’ NV", but we need not make this assumption. Since the 
reflected ray will lie in a plane containing 7 and 7 NV", the observed 
scale reading when J/ is deflected through 9 will be at A’, the intersec- 
tion of a straight line 7 WV” (prolonged) with the scale. Since it is 
read by a horizontal scale having vertical rulings, the distance O! A’ 
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along the scale will be the horizontal projection upon the scale of the 
parabolic path of a ray from 7 reflected by M upon the plane of the 
scale. This short portion of the parabola of the ray will sensibly 
coincide with the horizontal straight line S S. 

Let A represent the point (unknown) of the scale at which the 
true reading corresponding to the observed reading A’ would fall; 
then 

64, = O' A—O' A’. 
For values of g so small that tan 2g = 2 tan @ nearly enough, 
8d, = 2rtang— O' A’ =2N' N"—OA’. 


But also for larger values of gy, within the usual limits, although the 
value of tan 2 exceeds tan @ in a continually increasing ratio, the 
value of O’ A' increases from the same cause in sensibly the same 
ratio; so that the above expression for 6d holds nearly enough for 
all cases. From the diagram, 


OA=—OK+KA'=MNN"+M"K -tandT'A’'=NMN"'+ 


yy! Ayn 
(fe 6 eaeeane ane 
NT 
Whence as 2 V’ NV" = d, nearly enough (as a factor), 
Sd, __ 1 ( NO 
a 2 NTT 
But, 


NO _ MO _ roos(a + 8) _ cos a cos 8 — sina sin B 
NT MT r cos (a — B) cos a cos 8 + sin a sin B 





= 1 — 2sin asin 8 approx. when a and £ are small ; 


ae NH -.NO 
=I—2 ——_____ approx. 


2 


8d, a NH .NO 
a, v2 





approx. 


The correction has the same sign on either side of O, hence 
8d NH- NO 
i a cee 


In the last approximation VV 7 might have been introduced instead 


approx. 


of VO. The choice is determined by the fact that O and J lie nearer 
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to H than 7 and JN, so that the approximation is closer in assuming 
sin 8 = NO/+r. If, therefore, in an actual case the telescope is much 
nearer to the horizontal than the scale, it will be slightly better to 
insert VV 7 instead of VO. The sign of the correction to r is — when 
NO«<NTand+when VO> WNT. 


XI. ScaLteE HorizontTAt. 


To adjust the scale horizontal, focus 7 on the scale, with J7 swing- 
ing free. Note the height of the cross-hair intersection upon the divis- 
ions of the scale. Deflect 47 to the right and left. The intersection 
should remain at the same height. If it does not, raise one end of 
the scale. 

If the scale be tipped upward or downward from the horizontal 
through a small angle y, remaining in the same vertical plane, the 
reading on either side will be shortened by the versed sine of the 
angle y; that is, the fractional correction to d will be 


bd 


C 


— versin y = I — cos ¥. 





PRIMARY MEASUREMENTS. — For the requisite closeness of adjust- 
ment, 

bd 

ad 





— I — cos < 0:00 030, 


*, COS Y = 0.99 970, and y = 1.°4. 


In making the test the observed change in the height /% of the 
cross-hair intersection in passing from the middle to the end of the 
scale, would be 

54 = 500 tan ¥. 


Hence the requisite closeness will be 
500 - tan y = 500 - tan 1.°4 = 12 mm. 


This adjustment can be made with perfect ease to 1 mm. or less, 
so that this error disappears. 


’ 8d. : 
SECONDARY MEASUREMENTS. — As —— is constant so long as y¥ is 
¢ 


constant, the amount of tipping of the scale within wide limits makes 
no difference so long as it remains always at the same angle. 
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XII. ScaLe PERPENDICULAR TO O Jf AND PLANE. 


To render J/7 O A a right angle, lay off or select two points A and 
B near the ends of the scale, exactly equidistant from O. Measure 
carefully the distances 17 A and M B from the suspension fiber of J/. 
Adjust the scale until the two are equal. When this and the preced- 
ing adjustment have been completed, the scale should be rigidly and 
permanently fixed in place, and means provided to enable the fiber to 
be always brought back to its present position. A method of sup- 
port for the scale quite separate from the support of the telescope, 
as described later, contributes to stability and convenience. It may 
be noted that inequality of scale readings on reversal of JZ is not 
a proof of imperfection in this adjustment, nor equality a sufficient 
proof of correct adjustment. 

The fractional correction will be shown to be 


bd — + sin B tan 2g — 


; sin? 8 approx., 
¢ 


| 


where £ is the sma// angle A O A’ by which the scale is out of adjust- 
ment. The negative sign of the first term applies to deflections 
towards A, the positive to- 


wards B, used right-handedly. AA 
rc 


PRIMARY MEASURE- Zz 





MENTS.—lIf deflections are = 

. ° sat 
taken on one side only, 2. ¢., cer 

. r il 
without reversals of J/, the ape 
requisite closeness in Pf will pik 2p 
be attained when M<_——+--------- 
a i2p 
+ sin Stan 29 = 0.00030 ioe 
Naar 
oo. 

as 1 sin? 8 is negligible when ~ 
the apparatus is closely ad- 
justed. For y= 1000 mm., 
d = 500 mm., Fic. 10. 


1000 


sin 8 = 0.00030 roughly = 0.00 060. 





This corresponds to 8° = 0.00 060 / 0.0174 
= 0.°035 roughly = 2’, 
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But it is more convenient to have the requisite closeness expressed 
in terms of JJ A'— MB’. Now, nearly enough when 8 is very small, 
AA'=BB'=O0A - tanB=OA-: sinB=0.00060: 500=0.30mm., 
and also MA'—MB'=AA'+ASB'=2: OA’: tan8=o0.60mm. 
Hence, the requisite closeness in M/A’ — M B' without reversals is 
0.6 mm. 

If reversals of deflections are taken, giving @, on one side and @ on 
the other, the corrected deflection is 


: oe , a 
[4 + d—sin 8 tan2g — —sin? 8+ sin 8 tan 29 — — sin? 8] 
2 2 


I 
2 


‘aes (ad; + @,) — sin? 8. 


I 
ry 
Hence the requisite closeness will be attained when 

s sin? 8’ = 0.00030, .*. sin & = 0,028. 
This corresponds to B’° = 0.025 /0.0174 = 1.°4 roughly. Then 

2: OA: tan8B=25mm. Hence the requisite closeness in J7 A’ — 
M B' with reversals is only 25 mm. This demonstrates a great ad- 
vantage in reversals in primary work when practicable. For not only 
is the scale more readily adjusted, but a slight undetected deviation 
of it ora slight lateral displacement of the suspension is much less 
serious. 

The scale must evidently be plane within the same limits within 
which it must be perpendicular to O M. 

SECONDARY MEASUREMENTs. — In these nearly the same closeness 
is requisite in sin 8 as in primary work. If, however, deflections are 
restricted to the outer half of the scale, z.¢., 250 to 500 mm., a little 
less closeness will suffice, since the error at the deflection reading 
(whether with or without reversals) at which the calibration is made 
will enter into the value of the constant, and this will eliminate the 
error at the same point in subsequent readings. It will also reduce 
the average error about one-half if the calibration deflection is about 
350 to 400 mm., but the difference in error of a small and of a large 
deflection will still remain the same. 

DEMONSTRATION. — Let A and # be any points on the scale equi- 
distant from O and on opposite sides. Then OA and O # will be the 
true scale readings with the scale properly adjusted, and will be equal. 
O A' and OB’ will be the observed readings. 
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The fractional correction 6 @; / d; on the side towards A’ will be 


OA—OA'_ OA 
OA ~ OA! 


B OA __ sin (90° —29— 8) __ cos (29 + 8) 
a SS ~~ I Hee etc 
O A! sin (90° + 24) cos 2g 





s 2 — sin 29 sir : , 
— 09S cos 8 ws gem Bs cos 8 = sin # tan 2 q. 
cos 2g 





Now cos 8 = (1 — sin? 8) 


= 1— 1 sin? @ approx., as 8 is very small. 
2 
) ay OA I . 9 ze 
>. —— WS — I = — — Sin* § — sin f tan 29g. 
a; OA! 2 “i ° : 
Similarly on the side toward B, 
8d, OB _ 


D> baile ; 
een = — — sin? 8+sin Btan2Qq. 
a, O B' 2 
Or, in general, 
8 ; ; 
= <= gin 8 tan 29 — | sin? 8. 
C 2 


Xl. Nuxz. Porm. 


’ 


The “null point” or “zero reading,” z.¢., the reading when the 
mirror is undeflected, must be the middle point O of the scale, adjust- 
ment XII having been made; and OM must lie in a vertical plane 
perpendicular to the scale. In other words, the line of sight O 1, 
when J/ is undeflected, must lie in a vertical plane which is perpen- 
dicular to the scale at its middle point O. This does not require either 
that any normal to JZ should lie in or parallel to that plane, or that the 
axis of the telescope should lie in that plane. Or, as less precisely 
expressed, the plane of the mirror need not be parallel to the scale, 
nor the axis of the telescope be exactly above or below O. The tele- 
scope may be at any position off at one side if more convenient, but 
ease and accuracy of adjustment, as well as other considerations, lead 
to the customary location of the axis of the telescope more or less 
exactly above or below O. Provided that the axis of rotation (suspen- 
sion) and the reflecting surface of J/ are sensibly coincident, and that 
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X, XI, and XII have been completed, this adjustment may be accu- 
rately made for any position of the telescope thus: Focus the tele- 
scope sharply on the suspension fiber (axis of rotation) of J/, with J/7 
swinging free. Turn the telescope, or shift it laterally without dis- 
turbance of the scale, until the cross-hair intersection falls upon the 
fiber. Still without disturbing the scale, tip the telescope about a hori- 
zontal axis parallel to the scale until the cross-hairs are approximately 
central on the mirror, and change the focus until the scale is sharply 
defined. The reading will in general not be exactly at the middle 
point, but the telescope and scale must now be clamped rigidly in posi- 
tion, and all subsequent adjustment of the null reading to zero must be 
made dy the mirror, that is, by changing the direction of the suspended 
system until the null reading is exactly the middle point O from 
which A’ and B#’ are measured off in making adjustment XII. This 
will be effected according to the nature of the apparatus; ¢.g., by 
changing the directive field, in a sensitive galvanometer ; by turning 
the torsion head or the whole instrument if it is an electrodynamo- 
meter or electrometer, or by twisting the mirror upon its suspension 
rod, and so on. 

If the axis of the suspension and the reflecting surface of J/ do 
not coincide, the above method of adjustment becomes inaccurate to 
an extent depending upon the eccentricity of the reflecting surface, 
and on the departure of the telescope from the vertical through O. 
If the eccentricity is but a few millimeters, its effect is wholly negli- 

gible if 7 is within a few millimeters of this vertical, as may be seen 
from adjustment VIII. In that case no attention to the adjustment 
of Z and O beyond casual inspection is called for. 

If when this stage of the adjustment is reached it is found that the 
cross-hair intersection does not fall at the right height upon the scale 
for good reading, the telescope may be tipped slightly as a remedy. 
But if when this is done the illumination or extent of field is not all 
that the apertures of telescope and mirror should give, then the adjust- 
ments must all be repeated, beginning by raising and lowering the tele- 
scope and scale together, and tipping the former more or less, focusing 
centrally on the mirror and then on the scale alternately. 

During observations it is by no means always practicable to bring 
the null reading exactly to the middle point of the scale. This read- 
ing d,, however, is taken before and after each deflection, or with suffi- 

cient frequency, and the observed deflection reading d’ is corrected 
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for d,, or reversed readings are taken, giving the same result. The 
advantage of numbering the scale from one end continuously to the 
other instead of both ways from a middle point is apparent in this 
connection. For in the former case no attention to the sign of either 
d' or d, will be necessary, and corrected deflections, viz., 7’ — d, will 
be always — on the side towards the zero and + on the other side, the 
sign taking care of itself. 

But even with the correction for the observed null reading applied, 
there remains an error from the fact, that the ray J7d), or rather the 
vertical plane through it, is not exactly at right angles to the scale. 
The question remains how closely this angle must approach go° ; or 
in other words, what is the limit of displacement of the null reading 

when corrected for, either 





by observing d, or by re- 
A silig 
A P 
# versing. 
- § 
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The observed reading 
towards A for a deflection g of J7 corrected for d, (= O O”) will be 
O"''C. The true reading would have been OA. It is desired then 
to find an expression for the fractional correction to reduce O”' C to 
OA. If a horizontal scale were placed perpendicular to J7O"” at a 
point O' such that J7O' = W/O, then the observed reading O’ A’ on 
such a scale would be equal to the true reading OA. Imagine also 
a scale O'' A" parallel to O’ A’ but drawn through O”. Then 

Tn Ce. ae 


verenseaegtg ORE St eee a COR F. 
Or" “a” O" M O"M 8 


But as shown under XII (case of OB/OB’), 
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O! A! , 

' ee ae = cos? 8+ cos 8 sin 8 tan 2g 

OA seid a 

. —— =1—sin* 8 + sin 8 tan 29, approx., 

i Oc 

i 4 as with 8 very small, the factor cos 8 is so nearly unity as not sensibly 


to affect the last term ; 


bd. OA — O" wd : 
“1 — © = — sin? 0+ sie A tan 2'9 


ay O"C 
} and in general 
8d : ait al 
—_. = = sin 8 tan 2g —'sim* 6 
| a 
the + and — signs in the first term applying respectively to right and 


left-hand deflections q. 
PRIMARY MEASUREMENTS. —With Reversals of M.  Disregarding 


; ; :' ‘ I ; 
the observational sign of d@, the mean deflection used would be — (ad; -+ 
9 


ad»), and the correction would be 


bd Ex ome ‘ a 
ws = — [sin 8 tan 29 — sin? 8 — sin B tan 2 q — sin® 8] 
) 2) . 


at ~ 
or =-— sin? @ for any value of 4. 
The requisite closeness of 8 would therefore be found from 


6d = bee 
— . 0.00030 = sin’ £ 
ad < 
.. sin 8=0.017; 8 = 1.°0, or 
O" O = 1000 tan 8 = 17 mm. 

Without Reversals, the correction would depend chiefly on q as 
8 would be very small compared with any practicable value of 4, 
Hence nearly enough, 





bd , 
== = =e sin 6 fair oe 
a 
. ~ . . 
The requisite closeness of 8 for the worst case where y = 1000 mm., 
d = 500 mm., would then be found from 
\ 
oa on oe 500 
—— > 0.00030 = + sin8 .- 2 — 
ad < 1000 


sin 8 = 0.00 060 B = 0.°035= 2’, or 
OO" = 1000 tan 6 = 0.6 mm: 
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Thus with reversals a rather rough adjustment of the null reading 
from time to time is sufficient ; but with deflections on one side only, 
even with the null reading allowed for, this reading must never exceed 
about half a millimeter without the application of the above special 
correction 8a;/d, or 8d,/d,. It is also essential to note that the 
adjustments of the null reading must be made by turning the mirror, 
not by shifting the scale. 


SECONDARY MEASUREMENTS. —- The requirements here are pre- 
cisely the same as in primary work, and the frequent and often 
unavoidable practice of reading without reversals makes the above 
remarks of special importance. It is obviously much better to reverse 
where practicable. 


XIV. DISTANCE OF SCALE FROM MIRROR. 


This is invariably the shortest horizontal distance from the axis of 
suspension to the vertical plane through the scale rulings. The reflect- 
ing surface of the mirror should lie near to this axis when possible, 
but the measurement of 7 must be from the actual suspension horizon- 
tally to a vertical line through the middle point of the scale after XII 
has been performed. It is important to note, as the following pages 
will show, that most of the adjustments become more easy and the 
corrections smaller as the scale distance is increased. Therefore, as 
scale errors are easily reduced, it is better to make vas large (up to 
3 or 4 m.) as is consistent with the magnifying power of the telescope, 
using a scale of not more than I m. in length. The telescope, scale, 
and instrument containing J/ are set in their proper positions and 
completely adjusted before ry is measured. This is then carefully 
determined by a horizontal wooden rod, wire, or steel tape, using 
plumb lines if necessary at 47 or at S. Before being used in compu- 
tations, y must be expressed in the same unit asd. The telescope 
should be so far from J/ that its draw tube will permit focussing 
on MW. 


PRIMARY MEASUREMENTS. — To find the requisite closeness in the . 
measurement of 7 we have to note that v enters as a direct factor in 
the denominator of tan g. Hence the percentage or fractional error 
in tan 2 is proportional to that in 7, but with the opposite sign. (See 
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«Computation Rules,” Proposition I, page xii.) The limiting value of 
Sr /r will therefore be the same, neglecting sign as 8d/d. Therefore 


8r/r=0.00030, 8 =0.3 mm. 
Hence the requisite closeness in 7 is about 0.3 mm. ; that is, y must be 
measured and must be constant to about 0.3mm. See remark in next 
paragraph. 

SECONDARY MEASUREMENTS. — In secondary work 7 is not meas- 
ured, but must remain constant, and suitable means must be provided 
to see that it is so, within the same closeness of 0.3mm. This 
requires much more attention than is usually given to this point, 
especially when the mirror hangs on a long suspension so that change 
of level of the instrument may easily change 7 by I or 2mm. 

A special device is almost a necessity in careful work, to facilitate 
the test for constancy in the distance OJ/. In many instruments, 
especially those having a long suspending fiber, a slight difference of 
level alone produces considerable displacements of the mirror towards 
or from the scale or laterally, 





all equally objectionable. The direct 
application of XII and XIII for the elimination of these displacements 
on each day of use of the apparatus would be very laborious. This 
fact together with inadvertence frequently leads to the assumption 
that the distance, once adjusted, remains sufficiently constant. The 
foregoing figures as to the requisite closeness show the danger in 
such neglect. Devices will readily suggest themselves. The follow- 
ing will sometimes answer: Place the points of the leveling screws 
in positions from which they are not easily displaceable. Level the 
instrument until the suspension swings as it should. Then make upon 
the instrument, near the lower end of the suspending fiber, say on 
opposite sides of the suspension tube, reference marks so located that 
the fiber lies in the line of sight between them. Similarly locate 
another line of sight, nearly at right angles to the first and also pass- 
ing through the fiber. For convenience, one of these lines should be 
parallel to a pair of the leveling screws, and also to the scale. At each 
time of use, adjust the screws to bring the fiber into both of these 
lines of sight. Measure O J/ once for all, and at the same time meas- 
ure between two points chosen for convenience, one on the base of 
the instrument, the other on the scale. It is then necessary from day 
to day merely to bring the fiber into the reference lines by turning the 
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leveling screws, and then to measure the distance between the chosen 
points, for which purpose a rod cut to the right length is convenient. 


XV. ESTIMATION OF TENTHS IN READING. 


Fractions of a division must be read, and this can be done only by 
estimation by the eye. With a little practice, so much facility in the 
estimation of tenths of a division is attainable that the error need 
never exceed one-twentieth of a division, with an average error of half 
this amount, or 0.025 division. 

PRIMARY MEASUREMENTS. — The limit of attainable accuracy 
being fixed at + @= 0.025 division, and the desired fractional accu- 
racy being + 6d /d=0.00030, the minimum admissible value of d 
will be d= 0.025 / 0.00030 = 83, or in round numbers d = 100 divi- 
sions, whatever the size of the division. Smaller deflections than 100 
must not be used in the most careful work, and preferably not less 
than, say, 200 divisions, whatever the scale distance. 


SECONDARY MEASUREMENTS. — Same as in primary. 


XVI. To FiInp g, Tan gq, SIN @, ETC., FROM d AND ». 


In the application of the telescope and scale method it is desired 
to find from the observed values of d and vy the corresponding values 
of g, tan gy, sin g, etc., according to circumstances. 

For the most accurate work, especially in primary measurements, 
the best way is to compute tan 2 g = (d/r) or log tan 2 g, thence by 
tables of natural or log tangents to find 2g. This, of course, gives ¢ at 
once, and tan gq, sin g, and other functions can then be found from 
tables. In some cases, notably in secondary work, it is, however, 
more convenient to have an expression for g, tan g, or other function, 
directly in terms of d and 7 Such expressions generally take the 
form of a series. Several may be found in Czermak. The expression 
for tan g is the one in frequent use, and therefore this alone will be 
given here. It is derived from a development of tan g in series with 
ascending powers of tan 2 q, viz.: 


tang = * tan 2 g [: si, (tan 2g)? + < (tan2qg)*—... | 
2 4 


Substituting d / r for tan 2 gives 





tan 9 = — [1-2 <y+4(4)-.-- +] 











— 


ACR REAP 








The Telescope-Mirror-Scale Method. 167 


This could be used directly, but may be modified into a more conven- 
ient form. Multiplying the terms of the parenthesis by d gives 





tang = [¢—_. © ik a-...]. 
2F 4 i 8 v4 
Then the quantity 
I a® I d® 
ale ee se de ae 
4 7 5 7 


being very small may be conveniently treated as a correction 6 to be 
applied to d@. So we may write 
I 
tang = - [d+ 8]. 

r 
The procedure would be to compute beforehand a table of values 
of this correction for the given value of x and for successive values of 
d (= 200, 250, 300, 
desired range. Then for a subsequent observed value of d@’, the cor- 


500) at sufficiently short intervals over the 


responding value of 6’ would be taken by interpolation in a table (or 
ipon a plot), and applied to d’. This corrected value of d’ would 
then be multiplied by 1/27 to obtain tan g. As the correction is 
small, only an approximate value of 7 is required in computing it, and 
slight changes in 7 during the progress of work would not vitiate the 
table, although they must be allowed for in the term 1 / 27. 

In secondary work any of the above methods of finding q, tan q, etc., 
may be used, but for use in connection with tangent instruments the 
application of the series expression is especially advantageous. This 
will be illustrated by the tangent galvanometer. For this instrument 
the current’ C is related to the steady, angular deflection g which it 
produces, by the expression 

C = kz tan @, 


where # is a numerical factor which is constant so long as the magnetic 
conditions and dimensions of the instrument are constant. Substitut- 
ing the above expression for tan g gives 


a 
ey 


or, as 7 is a constant throughout the work, we may write 


C=K[d+ 8] 





$ 
; 
a 


ie RAE STE TI 


168 Stlas W. Holman. 


where X is a numerical constant = &£/2,r7 and 


3 5 
ee ae ae 
4 vr 8 vt 
But in the employment of such a secondary instrument it is calibrated, 
that is, its constant is found, by sending through it some known cur- 
rent C’ and observing the steady deflection d@’. Then denoting by 
8’ the known value of the correction 6 computed for this deflection a’, 

we have 
sae L” 
K=——_;- 
a'+6 


This gives us the numerical value of K so that C can be at once com- 
puted for any subsequently observed values of d by the expression 


C=K [d+ 8], 


the proper value of 6 being taken from a table or plot as above de- 
scribed. The correction 6 will be a quantity to be subtracted from d, 
and therefore expressed in the same unit, ¢. g., millimeters. The table 
must be carried out to the next place of significant figures beyond the 
last place obtained in reading the scale, ¢. g., to hundredths of mm. if 
readings are taken to tenths of mm. It must also be computed for 
sufficiently short intervals to enable interpolation to be made with cor- 
responding closeness, 2. ¢., to 0.01 mm. or 0.02 mm. in the above case. 
And if a plot is used it must be on a sufficient scale and with suffi- 
ciently frequent points to enable this same closeness to be obtained. 
Unless many readings of d are to be reduced, it is as well to compute 
8 for each observation as to make a table. Extensive taBles of 6 for 
graded values of ry and d are given in Czermak. The number of terms 
to be retained in the series in computing 6 must be determined by 
computing for the largest value of d the value of the successive terms 
until one is reached which is negligible, ¢. g., less than about 0.01 mm. 
in the above case. 

If the instrument is used always with deflections near the value a’, 
observed in calibrating, it is evident that the values of & both in 
obtaining A and subsequent measurements will be nearly the same. 
Hence if 6 were omitted in computing KX, and also in all subsequent 
computations of C, the errors thus introduced would nearly offset one 
another. To see how wide a range of deflections could thus be used 
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without introducing into C a resultant error exceeding the limit which 
we have been using in the preceding discussion, we have merely to 
find the two deflections d,; and d, at any desired part of the scale for 
which (8, — 6,) /d; = 0.00 030. Fora rather extreme case of d, = 
400 mm., y= 1000 mm., 


5, — 6; = 0.12 mm. 


The value of d, for which 6, would be 84. + 0.12 could be found 
from tables, but in default of these we may compute as follows, neg- 
lecting the second term in 6, 

: & I d,° 

ee See 

4 aia + sa 

.*. a> — da,? = 0.48 - 10° 
d,® = 400% + 0.48 - 10° 
= 64 - 48 - 10° 
d, = 401.0 mm. 


Thus the correction could be neglected in this case only over a range 
of 1 mm. Even with large values of ~ and smaller ones of d the 
correction becomes negligible over only a centimeter more or less, and 
thus is practically never negligible in 0.1 per cent. work. 


SELECTION OF APPARATUS. 

Rigidity of construction is a prime requisite. It is often impaired 
by unnecessary and weak adjustments or poor clamping devices. The 
scale may be; and generally is, carried on the same support as the tele- 
scope. But an entirely independent support is to be preferred, as 
facilitating adjustment and promoting stability. This will be the more 
obvious if it be remembered that the telescope need not be exactly over 
the center of the scale or in any determinate position relatively to it, 
although an approximately central position is usually more convenient 
and is presupposed in the preceding discussion of some of the cor- 
rections. A convenient method of supporting the scale would be by 
a bracket at each end clamped to the table by screws passing through 
slots in the bracket. This would permit the needed forward and back 
motion of the ends separately. Long and wide slots in the vertical 
arms of the brackets would afford the necessary vertical and endwise 


x 
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range of adjustment. With this arrangement the scale can be placed 
in final adjustment and clamped in position without employing the 
telescope, and the latter may be separately put in place with the mini- 
mum of trouble, and with no chance of disturbance of the scale. 

The telescope must have rotation about both vertical and horizon- 
tal axes. It should be provided with a vertical adjustment through 
a range of six inches or more, preferably by a round rod, which gives 
at the same time the needed vertical axis. The base must be provided 
with screw holes for immovable attachment to the table. The draw 
tube of the telescope must be thoroughly firm, so that a moderate 
lateral pressure on the eye-piece shall produce no permanent shifting 
of the cross-wires over the scale. The tube must be long enough to 
focus on objects at a distance of somewhat less than one meter. The 
definition of the telescope should be tested as carefully as desired, but 
will usually be sufficiently good if a clear image of the scale is given 
under fair illumination at the usual distance. 

The definition of the mirror on any instrument to be used with this 
method must be tested, for example, by the quality of the image of 
the scale when viewed through the telescope at the usual distance, but 
with no interposed cover-glass. The effect of the cover-glass on the 
definition must be carefully tested by alternately inserting and with- 
drawing it, noting the change in sharpness of the image of the scale. 
The best of thin plate glass is barely good enough, and selection from 
samples is often necessary, especially to secure sufficiently parallel 
surfaces. There is little advantage in having the diameter of the 
objective of the telescope more than double that of the mirror to be 
used; an inch to an inch and a half is usually abundant, and three- 
quarters of an inch is often enough. A magnifying power of twelve 
to fifteen diameters is desirable but is not common. The relation 
between size of scale-division, magnifying power, and distance will be 
briefly considered. 

Let OM =r, u = magnifying power, and s, =the best size of 
division upon which to estimate tenths of a division by the unaided 
eye; this is about 1 mm. Then s, /v is, nearly enough, the angle in 
radians subtended by one scale division when seen directly at the 
distance v of most distinct vision. If at any other distance, as at 
T M-+ MO, reckoning 7 M from the eye-piece, the angle becomes 
sy (IZ M+ MO). This is the distance in the telescopic method. In 
order then that the telescope shall compensate for this removal, that 
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is, in order that it shall make the arrangement as sensitive as a direct 
reading at the distance of most distinct vision (which is the condition 
attainable by the use of a spot of light proceeding from 7 and reflected 
from J/ to the scale at A), the telescope must have a sufficient magni- 
fying power. This must be, for objects at a distance 7 1/ + MO, 
such that s,/(7 M+ MO)=s,/v, or u=(TM + MO)/v. For 
the case where 7M = MO =r= 1000. mm., and v = 250. mm., 
this yields « = 8. Telescopes are often furnished for this use with 
smaller values of ~ than that just deduced, hence for ordinary use 
with low power instruments, the millimeter is about the proper size 
of scale division, but this is by no means the case with higher pow- 
ers. The best value of s for any fixed value of « would be such that 
us/(TM+MO)=s,/v, or s/s, =(TM+MO)/uv. Fora 
very good glass «= 15, so that with the values as before, the scale 
should be in half millimeters if used at the distance of ~ = 1 meter; 
since s / S$, = 2000 / (15 X 25) =0.53. 

With the mirror and spot of light method, the percentage or frac- 
tional precision with which a given angle can be measured with the 
scale at a distance ‘7 O is proportional to that distance; that is, the 
precision for 4/7 O is to that for a distance unity as 70:1. With 
a telescope of magnifying power z# the gain is further increased by the 
telescope in the ratio S/s, where S is the length of division actually 
employed, and s is the best length computed as just indicated, with 
the limitation, of course, that S is greater than s. Thus by the em- 
ployment of unduly long divisions, the advantage derivable from high 
magnifying power may be sacrificed and most of the advantage over 
a much cheaper instrument rendered idle. Of course the superiority 
of the telescopic method over the spot of light does not lie wholly in 
the magnification, but partly in better definition, and in the avoidance 
of the necessity for screening. On the other hand, the latter method 
has the merit of simplicity and cheapness, as well as of facility of read- 
ing where there is much jarring and high accuracy is not demanded. 

As to materials for the scale, a white metal surface with fine black 
rulings would be best, and is almost indispensable in accurate work, 
but is expensive and not generally, if at all, offered by makers. White 
porcelain or glass with fine black rulings is the next choice. Paper on 
wood, or celluloid, is not to be relied upon in careful work, and must 
be thoroughly tested for uniformity. 

The warping of wooden scales may introduce serious error (cf. III). 
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The numbering usually extends from zero at the middle towards each 


end, but for many purposes a continuous numbering from one end is 
more convenient (cf. XIII). By the use of a circular scale with its 
center of curvature at J/, the readings become directly proportional to 
twice the angle of deflection, and the focus is equally good throughout 
the length. 


MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
Boston, Mass., May, 1898. 
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STEAM. 


DESCRIPTION AND RESULTS OF A 45-Hour TrestT MADE ON THE 
ENGINES, BoILERS, GENERATORS, AND AIR PUMPS AT THE 
HARVARD SQUARE POWER STATION OF THE Boston ELEVATED 
RAILROAD. 


TuIs test was made by students of the senior class under the 
direction of the instructors of the Engineering Laboratories at the 
Massachusetts Institute of Technology. 

The test was divided into four watches of II} hours, twenty-four 
students working at each watch. During the test 2,000 indicator 
cards were taken, and about 10,000 observations recorded. In the 
accompanying tables such summaries of these observations are given 
as were needed in the calculations of the results. 

The power station has at present six Babcock & Wilcox boilers 
set in three batteries. The boilers all have extension furnaces. The 
gases are discharged into a common flue at the back of the boilers 
and pass from this through a Green economizer to the stack. The 
boilers are fed by power plunger pumps located in the basement of 
the engine room. These pumps are driven from a countershaft run 
by an electric motor supplied with current from the station. There 
are three main engines, 28’ — 56’’ X 5’, of the cross-compound jet- 
condensing type, made by E. P. Allis & Company, of Milwaukee. 

There is an independent condenser and air pump engine for each 
main engine. The main engines have Corliss valves with two wrist 











174 Results of Tests Made in the Engineering Laboratories. 


plates and eccentrics for each cylinder, thus making it possible to cut 
off later than half stroke on each cylinder. 

The air pump engines are controlled by throttling governors, the 
valves being cylindrical D valves oscillating in cylindrical chests at 
right angles to the bore of the cylinder. 

The main engines are set sufficiently high on their foundations to 
allow all the steam and exhaust piping to be placed below the engine 
room floor. The arrangement of this piping is similar to that at the 
Sullivan Square station at Charlestown, Mass. (See Technology Quar- 
terly, Vol. IX, No. 4.) A separator is placed just before the throttle ; 
the exhaust from the high-pressure cylinder passes into a vertical 
receiver from which the low-pressure cylinder takes its steam. The 
exhaust from the low-pressure cylinder passes to the condenser or 
outboard. 

On each exhaust pipe just before the condenser there is a feed- 
water heater. The feed-water, coming through a 6’ pipe from the 
city main, passes through these heaters on the exhaust pipes, then 
through the economizer to the suction side of the power pumps, and 
from the pumps directly to the boilers. By this arrangement the 
economizer is under only such pressure as there may be in the city 
main. 

The drip from the separators on steam mains is trapped into the 
suction pipe of the pumps. The drip from the receivers, between the 
cylinders, contains considerable oil and is thrown away. 

The air pumps draw the condensing water from the Charles River 
through a 20" pipe about 300 feet long. About 100 feet from the 
station the suction and discharge pipes of the pumps are connected 
by cross-overs and valves, so that the outer end of either pipe may be 
used as suction or discharge. At this place there was also a second 
discharge, which could be used in case of accident to one of the other 
pipes. 

The generators are direct connected, of the M. P. 12-1200-80 
type, built by the General Electric Company. The armature is located 
upon the engine shaft. The nominal output of each machine is 2,180 
amperes at 550 volts. Each generator is provided with a separate 
panel upon the switchboard gallery, on which is located a shunt- 
ammeter, wattmeter, circuit-breaker, switches, a rheostat, etc. 

Upon a separate panel is a station shunt-ammeter that registers 
the total output of the station. <A station voltmeter is also provided 
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upon a swinging bracket, and connections arranged so that it can be 
connected to either generator. 

The customary complement of feeder switches, ammeters, circuit 
breakers, etc., are provided and mounted upon slate panels. 


ARRANGEMENT AND CHANGES MADE FOR THE TEST. 


Lazy-tongs were attached to each crosshead to give the proper 
'' diameter drums on the indicators. 
Indicators were attached to each end of: the cylinders of main engines 
No. 2and No. 3, the ones used during the test. Air-pump engines No. 2 
and No. 3 were each piped up with three-way cocks. The motion for 
the drums of these indicators was taken from a pin screwed into the 


reduction of piston motion for 2 


end of the shaft. Although this does not give a correct motion, it 
was considered to be sufficiently accurate, as the horse power of these 
engines is not considered in the subsequent calculation. 

The drips from the receivers were caught in a tank on scales and 
weighed. The drip pipes from the separators were each disconnected 
from the traps and each connected with a steel reservoir about 16’’ in 
diameter and 48” in height, having on the side a gauge glass and 
scale giving the capacity between different levels. From time to time 
the levels were blown down by opening valves in the bottom, the dis- 
charge going into the suction pipe of the power pumps. 

The feed-water pipe was broken at the pumps on the suction side, 
and the suction pipe changed so as to draw from three large barrels 
placed alongside the pumps. A check valve opening towards the 
pumps was placed in the suction pipe close to the barrels. The dis- 
charge from the separators was connected between this check valve 
and the pumps. 

The regular suction pipe was carried up to the floor above and sup- 
plied four large barrels used for weighing. These barrels discharged 
into the three below connected with the suction of the pumps. The 
four weighing barrels were supplied from the city main with water 
which had passed through the heaters on the exhaust pipe. Ordina- 
rily the water went through the economizer as well, before entering 
the pumps. During the test the pumps forced the water through the 
economizer into the boiler. It will be noticed that the temperature 
of the feed water entering the economizer is less, by a few degrees, 
than when leaving the heater on the exhaust pipe. This loss is due to 
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the exposure to the air while weighing. Wooden scales were attached 
to the water glasses on the boilers. 

Calorimeters were placed on the main steam pipe from each bat- 
tery and near the throttle of No. 2 or No. 3 engine. 

Holes for flue thermometers and draught gauges were made at 
each end of the economizer, and connections for sampling flue gases 
were made at the entrance end. 

The coal scales were tested. The different gauges at the gauge 
boards in the engine room were tested and the corrections noted. 
With one exception, all connections on the feed water piping, where 
there was a possibility of leakage, were broken and blanked. 

The place referred to as not being blanked was where an auxiliary 
steam pump connected with the line. There were two Chapman 
valves here, one either side of the connection. A pet-cock was tapped 
into the pipe between these valves and left open, so that any leakage 
would be noticed. 

A weir box 10 feet long, and having a weir 3 feet wide, without 
end contractions, was placed at the end of the auxiliary discharge pipe 
for condensing water. The pass valves were changed so as to send 
the water over the weir. The — of water on the weir was meas- 
ured by a hook gauge reading to ;,);5 of a foot. The water entering 
the weir box was quieted by straining through about 3 feet of brush 
and a screen of clapboards. 

The other observations taken during the test may be noted by 
referring to the list of stations. 


STATIONS. 


I : lectrical readings. 


(1) 

(2) Electrical readings. 

(3) a temperature, boiler room, barometer. 

(4) Gas analysis every two hours. Draught and temperature of 
flue at each end of economizer every half-hour, also temperature 


of feed at top of boilers every half-hour. 


(5) Gas analysis every two hours. Temperature of steam in main 
of batteries No. 1 and No. 3 every fifteen minutes; also calorimeters 
on boilers No. 1 and No. 3. 

(6) Water barrel No. 6. 

(7) Water barrel No. 7. 
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(8) Water barrel No. 8. 

(9) Water barrel No. 9. 
(10) Indicator, planimeter, length and per cent. cut-off, No. 2 H. H. 
(11) Indicator, planimeter, length and per cent. cut-off, No. 2 H.C. 
(12) Indicator, planimeter and length, No. 2 L. H. 
(13) Indicator, planimeter and length, No. 2 L. C. 


(14) Indicator, planimeter, length and per cent. cut-off, No. 3 H. H. 
(15) Indicator, planimeter, length and per cent. cut-off, No. 3 H.C. 
(16) Indicator, planimeter and length, No. 3 L. H. 

(17) Indicator, planimeter and length, No. 3 L. C. 

( Indicator, planimeter and length. Air pump No. 2 engine. 

( 
( 


) 
19) Indicator, planimeter and length. Air pump No. 3 engine. 
) 


20) Time, gong (every fifteen minutes) thus: ... twenty sec- 
onds . . ten seconds . Counter engine No. 2, one-half minute after 


gong. Counter engine No. 3, one minute after gong. Counter air 
pump No. 3, one and one-half minutes after gong. Counter air pump 
No. 2, two minutes after gong. Pressure at gauge boards No. 2 and 
No. 3 engines. Hook gauge and temperature at weir every half-hour. 

(21) Separator drip cans, No. 2 and No. 3 engines. 

(22) Temperature feed at city main, leaving heater No. 2 engine, 
leaving heater No. 3 engine, entering the economizer, and leaving the 
economizer ; also calorimeter near throttle No. 3 engine. 

(23) Weight of receiver drips, No. 2 and No. 3 engines, also tem- 
perature hot and cold condensing water from air pumps, No. 2 and 
No. 3 engines. 

(24) General log. 


The circuit to the motor running the power pumps was broken, 
and an ammeter inserted, upon which readings were taken and the 
power required for feeding the boilers obtained. 

The shunt field circuit of first one and then the other of the gen- 
erators was connected through an ammeter and the current required 
for the fields was thus obtained. A standard voltmeter was connected 
to the circuit, and check readings obtained upon the station voltmeter. 

During the night, in order to obtain a load for one engine after 
the load on the outside Jines became too light, a large water rheostat 
was provided and connected to No. 3 generator on the first night, and 
to No. 2 generator on the second night, and a steady load of about the 


nominal capacity of the machine carried, the other engine being shut 
down, 
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A standard shunt and a portable ammeter were connected in this 
circuit and used when the rheostat was in circuit. Electrical readings 
upon all instruments were taken every five minutes, every third read- 
ing being taken upon the stroke of a gong. 

The test on the boilers was continuous for 45 hours. The condi- 
tion of the fires was noted at the beginning of the run, and the fires 
were brought to the same condition at the end. 

If all the possible errors of the test on the boilers are assumed to 
be cumulative, the maximum error possible is 1.5 per cent. The tests 
on the engines and generators were divided up into five parts. 

From 1-15 p.M. May 10, to 11-30 P.M. Engines No. 2 and No. 3 
on regular station load. 


From 12-45 A.M. May 11, to 5-45. Engine No. 3 alone on water 
rheostat with constant load. 


From 6-30 A.M. May 11, to 11-30 P.M. Engine No. 2 and No. 3 on 
station load. 

From 12-45 A.M. May 12, to 5-45. Engine No. 2 alone with con- 
stant load by water rheostat. 

From 6-30 A.M. May 12, to 10-15 A.M. Engine No. 2 and No. 3 on 
station load. 

The air pumps exhaust into the receivers between the high and 
low cylinders. During the first run No. 2 air pump exhausted into 
the condenser till 2-45, when the exhaust was turned into the receiver. 

During the last run the exhaust of No. 3 pump was turned into 
the condenser at § A.M. 

At the end of each run the levels in the boilers were noted, and 
if different from those at the beginning of the run, corrections were 
made for the difference. 

The B. T. U. per horse power per minute of main engines was cal- 
culated by multiplying the steam per H. P. per minute by the heat in 
a pound of steam, of condition as determined by a calorimeter at the 
throttle, above the heat of the feed water leaving the heater on the 
exhaust pipe. 


The coal per indicated horse power per hour of main engines was 
calculated by dividing the B. T. U. per horse power per hour by the 
B. T. U. taken up from a pound of dry coal. The probable error of 


work depending on the indicator may be assumed to be about 2 per 
cent. 
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SUMMARY OF DATA AND RESULTS OF A 45-HOUR TEST AT HARVARD 
SQUARE POWER STATION OF THE BOSTON ELEVATED RAILROAD. 
ENGINE SIZES. 

Main engines No. 2 and No. 3. 
Diameter high, 28’... Diameter rod, 5}. 
Diameter low, 56”. Diameter rod, 6}/ 
Stroke, 5 feet. 


Air Pump. Sizes No. 2 AND No. 3. 


Diameter steam cylinder : ‘ : : . : : : : 16! 
Diameter piston rod : : ; ‘ 2 : ; ‘ : ; 24h" 
Stroke : . , : . : : ° : : ‘ , - rai 
Diameter bucket ; : ° : : ° : : ; . ‘ 36 


BOILER SIZES. 
(4) B. and W. Boilers. 


Heating surface (outside) one boiler ° . , ; : : 5340 sq. ft. 

Grate surface, one boiler . : ; ; ‘ ; : ; , $4. sq. ft. 

Total heating surface : - ‘ ‘ : . ‘ + 23,3960°sq. ft. 

Total grate surface - , : 2 ; ; ; : ‘ ; 336. sq. ft 
WEIR. 


Weir 3 feet long without end contractions. 
Crest of weir above floor of pit was 1.6 feet. 
Calculate by formula of Fteley & Stearns. 
Q = 3.31 LH? + .007 L first approximation. 


Correct for velocity of approach, using for H (the height by hook gauge + Sao ): 


r) 
v == velocity of approach. 
LZ = length of weir. 
Q vic feet per second. 





£ = 32.2 feet. 
BoILeR TEST. 


Duration of test . : : ‘ : : , ° ° ‘ : 45 hours. 
Kind of coal . m , : ‘ F J : . New River. 
Boilers B. & W. with eutunili jena (2) batteries of two. 
Total heating surface of the four boilers ‘ ‘ : : : 21,360 sq. ft. 
Total grate surface of the four boilers . P : : 336 sq. ft 
Average absolute boiler pressure at boile : : . 168.4 Ibs. 
Average quality of steam (at boilers) from eh battetion das steam = 1), -989 
Total weight of coal as fired from barrows . : : : : . 1§9,116 lbs. 
Total weight of dry coal (1 per cent. of moisture) : : . - 1§7,525 lbs. 
Total weight of ashes and clinkers ; ; : . ‘ ; - 9,342 lbs. 
Total combustible burned ‘ : r ‘ , ‘ . 148,183 Ibs. 
Dry coal burned per square foot of grate per hour : : , : 10.42 Ibs. 
Total water weighed in barrels. : : ‘ ; ‘ : 1,490, 621 lbs. 
Total returns from separator drips : : ‘ ‘ : : ; ,568 lbs. 
Total feed water supplied to boilers : : ‘ : : caukeis lbs 
Average temperature of feed water entering alhove : ‘ ; 209.1° F. 
Average temperature of feed water entering economizer : 27°C: £26.86" P. 
Average temperature of feed water leaving economizer ; 98.5°C. 209.3°F. 
Equivalent evap. from and at 212° per en dry coal (boilers and 
economizer) ; ; i ‘ ‘ 10.68 
Total B. T. U. taken up by holler and economizer - pound a 
dry coal . : , ‘ ‘ ° « 16988. FU. 

Heat taken up by water in economizer per 7 a aes coal : 786.4 B. T. U. 
Heat gained in economizer in per cent. total heat acquired . : 7.62 


Ash and clinkers in per cent. of total dry coal ; ‘ P ‘ 5:9 
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ENGINE TESTS. 
ee ee eee ee ee ee May 10, 1-15 P.M. TO 11-30 P.M. 
| P 
AONE 6 ss) el a: ee oO EO eS ee No. 2. —? | No. 3. | gd 
Revolutions per minute during run . i nee te 71,974 | 545254 72,252 | 51,531 
Average per cent. of cut-off on high pressure “cylinder a 23.6 |  ccseee 18.4 | acewae 
Py Eyer Asp ae ray ANC 58.9 | ea;5 47-0 37-7, 
os P . Ros) 60a s el 54-9 10.4 43- 4:3 
Mean effective pressure on a 5 Die ase 8.73 | -esee 10:0 | ee 
An Ges 6 ae a 12.0 | peeks g.82 es 
‘2. Sa o oe 395-51 10.61 316.82 11.83 
” . ta H. C. : sis 354-42 3-34 283.85 | 1.34 
Horse power by indicator on | i a ‘ | aSeeas| “asseee | 293.93 | -seeve 
tae sw « eS | 317.97 ooe §=6 | Ss 268.22 Seep 
I. H. P. of Each Engine. é r - ‘ | 1302.4 13.95 1155.8 13.17 
Total I. H. P. Both Engines . ene. a Pe | eco | 2458.2 | ee eeee 
Total water supplied to boilers during run. . eee, “el, Sais | 366,824 j= |  ccccee 
Total steam used by three calorimeters during 7S eae mri | I et 12,761 |  seecee 
Steam supplied to engines and pumps . esa eo AL wasees 354,063 = |  ceccce 
Steam per Hour per I. H. P. of Main ‘Engines als teeeee | To ee ere 
: Entering heater on exhaust OF. . 50.8 | er 50.8 oeeees 
Temperature of feed water { Leaving heater on exhaust °F. 132.1 : 140.2 | eee 
| 
B. T. U. per I. H. P. of Main Engines per Minute .. || ..... P | 253. eo 
Coal per I. H. P. of Main Engines per Hour. . . . . || «+-+s- TAP. « |. esewes 
: a err) | mere | Set D> Sac tes 12.8 
Temperature of condensing water { Hot°c. : a = te ard 
Weight of drip trapped from working side of receivers . . . || «+++ 20,600 | : 
Quality of steam at throttle. (Dry steam = -* rae ee ae ee PN: . ehenon 
Pressure at throttle by gauge at board . . ea 249.0 | cscecs | 248.4 | cove ° 
Pressure inreceiver . bos ; S Sef “saeees | ek. gwnaes 
Vacuum in condenser. (Lbs.) | x < S. 13.2 cece } $9.8 | csvess 
Barometer. (Inches of mercury) en ee eet eee | 30” Tee 
Draught Pressures and Flue Temperatures. 
es Entering economizer °C. . 236.2 - 
Average temperature of gases { Leaving economizer °C, on rere 
ee " . Maximum °C, 1296.0  j§ | séoeee 
Temperature of gases leaving economizer Mintimam °C. ee eee US eae 
Av. draught pressure in ins. of water | Entrance to economizer, cocces Ai) nn errs 
eal Leaving economizer . oe +4026 
r ie is : Maximum . $e? 0; (ee Al eewnte t 7 eee eee 
Draught leaving economizer { Miniinom eaeeenana’ | ene? errs a 
From Weir Measurements. = ———sdL 
Average height of water on weir. (Feet.) . . . . . oe S99 8 | aenars 
Average temperature of water at weir °C. . ce ew eo we TL Beene ° 9. | «swenes 
Pounds of water over weir per hour . ers po 888,459 | cece 
Pounds of steam condensed perhour . . Go gt ae ME eeawe . $4642 | cesses 
Condensing Water per Pound of Steam "ee oe 24.7 | Ob eames 
Condensing Water ial Hour — I. H. P. of Main) | 
Engines : . re | errr se 34a C~C—C—~dY:C*i“‘#CM wo wwe 
From Electrical Measurements. | 
Electrical H. P. Output Each Engine ee || 1156 | neaniee age }) eves: 
Electrical H. P. Output Both Engines . . (eer 2207 Ln okcenes 
Efficiency percent. Ratio of electrical to steam H. P. } > 89.8 =| — sevcee 
Coal per Electrical H. P. Ouput. (Perhour.). . . . . | oovcee 3.6q |  cesoce 
Electrical H. P. to run feed pumps . . si ts | ° 5. 
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ENGINE TESTS. 





























en Oa ee ~ || 
May 11, 12-45 A.M. | 
Le ea ee ae ee ee ee ee ee | 13 5-45 po } May 11, 6-30 A.M. to 11-30 P.M. 
| Pump | Pump ; Pump 
ie } No. 3 No. 3. || No. 2. | No. 2. No. 3. No. 3. 
—— 1] | oa 
Revolutions per minute during run + + « «|| 71,967 | 50,420 | 70,828 | 55,123 | 72,075 | 55:659 
Average per cent. of cut-off on high pressure cylinder eee ee a SEB Of asens | 23-43 oa 20.60 adne 
( H. H. ° ee 67.8 42.4 | 62.7 31.0 49-4 36.0 
N ffectiv $$ n j H.C. i es ae | 68.4 3-27 | 58.8 11.0 47-7 3-3 
\lean effective pressure o 1 Pee eS | goa We ioce | 9.36 55 slg aor 
: ( LC. jee 2% |} 4G | csces | 10.40 10.5 
( H. = Pa a ae ee sot) Qa - 407.71 10.41 332.18 12.25 
_ MG «soe ev tans SR 9) 373-55 | 3-59 |. 303.37 1.09 
Horse power by indicator on Le . gee Screen || RAE a eee 247.40 | .eee 317.38 eae 
CC, ee a | pres. a) errr: Stig | sane 278.62 eee 
1.H.P. of Each Engine . ee - ||__1585 | 14.0 1299.8 | 14.00 1236.6 13.34, 
| 
Total I. H. P. Both Engines . ee | err cee e-] 2536.4 
Total water supplied to boilers duringrun, . . . | 120,575 | esos | 631,354 
Total steam used by three calorimeters during run . | 6,225 ose 21,165 
Steam supplied to engines and pumps. | 114,350 | 610,189 
Steam per Hour per I. H. P. of Main Engines 14.43 | _ 14.15 
| | | 
Es , Entering heater on exhaust OF. . 50.1 | || §0.9 50.9 
Temperature of feed water ) T eaving heater on exhaust’ °F. . 162.1 ||_ 133.3 | 142. wees 
| | 
‘ | | 
B. T. U. perl. H. P. of Main Engine per Minute | 254 | 254 
Coal per I. H. P. of Main Engines per Hour i 1.47 | 1.48 
. : ° onl | Cee eee er 3 11.8 
Temperature of condensing water ca 9 : : : | pane | ag tt 308 32.9. 
i | | 
Weight of drip trapped from working side of receivers . . 7580 | | 42,360 
| 1] 
1} _— ——$ 
| | 
ty of steam at throttle. (Dry steam = +. . ee | .990 | sees 99 | 
Pressure at throttle by gauge at board . . : «|| 1§0.5 : 149.0 ° 149.2 
Pressure in receiver . ine oe ay a rian | 10.4 2.8 ).0 
Vacuum in condenser. (Lbs.) | ee ee ae ‘ 10.2 13.0 12.2 ‘ 
Barometer. (Inches of mercury.) 30 | | 30 
| | 
Draught Pressures and Flue Temperatures. | 
al as . Entering economizer °C, | 225.8 | | 240.6 
Average temperature of gases Leaving economizer °C. } 127.6 | =< | 126.8 
aieunehte — oe Maximum oe | 133.0 eee 1340 eeee 
Temperature of gases leaving economizer Minima °C. . | 117.0 é | 117.0 
5 ics : | - | -6723 
Av. draught pressure in ins. of water { Entrance to economizer, slat | 6 3 
Leaving economizer . +2902 oe 3032 
i OR as : Maximum So .824 - | +912 
Draught leaving economizer { Minimum. . .308 ban 288 
From Weir Measurements. 
Average height of water on weir. (Feet.) . 459 - | +535 
Average temperature of water at weir °C. 32.0 | 31.5 
Pounds of water over weir per hour . 08,851 | 893,429 
Pounds of steam condensed per hour ‘ ° ‘kt ea 22,870 | . | 35,893 
Condensing Water per Pound of Steam... ..... 30.0 coos | 23.9 
Condensing Water val Hour ~ I. H. P. of Main 432. | 338. 
ngines ee ee ee 
From Electrical Measurements. 
Electrical H. P. Output Each Engine . ; 1409 1194 —} 
| | 
Electrical H. P. Output Both Engines . 1409 | 2286 
Efficiency per cent. Ratio of electrical to steam H. P. 88.8 1 | go.t 
Coal per Electrical H. P. Output. (Per hour.) : 1.66 | 1.64 
Electrical H. P. to run feed pumps aa : | 13-4 15.3 
| Hl 















































Results of Tests Made in the Engineering Laboratories. 














ENGINE TESTS. 
BUSSE. 6 6 OO Se Re Ores be ee May 12, 6-30 A.M. tO 10-15 A.M. 
a tie was | Pump Nava >ump N 
mgimemnmber. . . . 2. 2+ + + © © © e@ © @ ‘et i a. | No. 2. | No, 2, | No 3- 
Revolutions per minute during run . 71,703 56,957 || 71,635 | 58,982 | 72,195 
Average per cent. of cut-off on high pressure ‘cylinder 36.1 | 10 | seas 20.2 
( H.H. 81.1 | 56.7 19.0 45.1 
oe a j H.C. 74.9 | 54.6 14.0 | 47.5 
Mean effective pressure on 1 ta. oot Rae 2. Lap 
GOR ate 1.8 | 8.96 ec 9-70 | 
( H.H. pga] 378.93 6.82 | 303.77 
Horse power by indicator on 3 H. C. 71 | 350.02 4.89 | 307-59 
=o y . es | L. H. 07 | 219.21 Sea's 296.36 
ig *: Rea 311.50 | 236.3 eee 257.82 
I. H.P.of Each Engine ....... 1648.8 | | 1185.3 11 72 1165.5 
aoenl 1. Oi. 2. Both Magines. 28 ks 8 tH en teccse 2350 8 
Total water supplied to boilers during run . 5% 130,950 133,741 
Total steam used by three calorimeters during run . 6,225 4,669 
Steam supplied to engines and pumps . 124,725 129,072 
Steam per Hour per I. H. P. of Main Engines 15.13 14 64 
| 
., § Entering heater on exhaust °F, . 52.0 | 52.0 52.0 
Temperature of feed water Leaving heater on exhaust °F. 147.4 133-5 | 143.0 
| 
B. T. U. per I. H. P. of Main Engines per Minute . 269. 263. 
Coal per I. H. P. of Main Engines per Hour 156 | 1.53 
—— : 
. | 
aa Cold °C. | 13.3 | 
Temperature of condensing water { Hot °C __292 i 
Weight of drip trapped from working side of receivers 170 8,830 
g P & 717 3 
Quality of steam at throttle. (Dry steam = 1) . : .989 +989 | ceee sees 
Pressure at throttle by gauge at board ; 149.9 151.3 150.4 
Pressure in receiver . .. . ‘ ; 3:7 21 10.1 
Vacuum in condenser. (Lbs.) . ; 12.3 12.9 11.8 
Barometer. (Inches of mercury.) 30 30 
Draught Pressures and Flue Temperatures. 
oe Entering economizer °C. 217.7 236.3 
Average temperature of gases { Leaving economizer °C. 126.4 anne 132.3 
r = : Maximum <. 129.0 139.0 
Temperature of gases leaving economizer Minimum °C. sac aco 
Av. draught pressure in ins. of water { Entrance to economizer, -6891 Dh a 
iM ( Leaving economizer . 4316 +3095 
m aximum . ae 846 -682 
Draught leaving economizer 1 Minimum Gass iat ag 
From Weir Measurements. 
Average height of water on weir. (F eet.) 451 -454 
Average temperature of water at weir °C, 30.4 36.3 
Pounds of water over weir per hour . 691,108 696,585 
Pounds of steam condensed per hour eae . Seas 24,945 34,418 
Condensing Water per Pound of Steam. . 2 . 19.3 
Condensing Water fail Hour per I. H. P. of Main 
Engines .. . a el Se? x . 404. 281. 
From Electrical Measurements. | 
Electrical H. P. Output Both Engine | 1499 | saa 1083 1014 
Electrical H. P. Output Both Engines ‘ | 2097 
Efficieney per cent. Ratio of electrical to steam H. P. 90.9 1g. 2 
Coal per Electrical H. P. Output (Per hour.) 1.72 | 1.72 
Electrical H. P. torunfeedpumps .... . 14.7 14.5 




































































Triple Expansion Engine. 


TESTS ON THE TRIPLE EXPANSION ENGINE, 9//—16''-24'' X 30 


During the last six years quite an extended series of tests have 
been made on this engine to determine the effect of steam jacketing. 
The results have been published in the Zechnology Quarterly, and also 
in the Zrans. Am. Society of Mechanical Engineers. 

The following tests form the beginning of a new series, having for 
objects, first, the gain to be derived by using reheating surface on 
the receivers only ; second, the amount of reheating surface needed 
for best results. The tests are printed at this time because of the 
considerable interest taken in this work by designers of steam engines. 

Up to the summer of 1897 the engine had double shell receivers 
made by the E. P. Allis Company, with jacket steam supplied to the 
space between the two shells. The reheating surface of these receiv- 
ers was not very effective. During the summer of 1897 these two 
receivers were taken out and Wainwright reheaters of special design 
substituted. These new reheaters are so constructed that either one- 
third, two-thirds, or the entire amount of reheating surface can be 
used. The entire jacket surface of the heaters was used in the tests 
of which the results are given below. 

A working drawing of the second reheater is shown in Figure 1. 
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Triple Expansion Engine. 


INSTITUTE OF TECHNOLOGY. 





TESTS ON THE TRIPLE EXPANSION ENGINE AT THE MASSACHUSETTS 







































































| £ WATER BY JACKETS g . KP 
| < Per Hour. Es % ee 
ons = 4 a3 
‘> | E fe ex 
2 - & pay a 
= | a) ) 4 es 
oy ch | ry = a = S ws 
ve = | < “4 Co 
Date, z S | > 8 E Z a - 
=] ae (ft ‘o 2 i = = 2 
~ ~ = | id = { s o e Y 
| « eo bs * os e = 
| 2 Ew | - & : 3 3 S 
Sq = 5 | a = 
k si | #& 8 yi g | g g 
nr | = Nn % faa) Ss ll 
| 
Mar. 8, 1898 . 88.56 15.95 14.13 oo | eee 2¢ 30.61 
Mar. 7, 1898 . 87.52 16.03 | 14.03 coos | nee 2¢ 30.39 
Mar. 4, 1898 . 89.68 16,01 14.36 wees | wees 30.51 
Mar. 29, 1898 . 103.32 15.53 | 16.05 | Sues 30. 16 
May 6, 1898 . 66.45 15.71 9.21 | 123.3 29.98 
May 9, 1898 . 84.93 15.87 11.96 | 152.6 30.1 
Mar. 22, 1898 . 112.38 15.01 15.05 ‘ | 183.0 30.17 
Apr. 8, 1898 . 61.53 15 5.07 80.2 | 58.1 : 30.32 
Mar. 14, 1898 . 74.78 14 9.32 108.9 | 769 26, 16 30.31 
Mar. 15, 1898 . 95-65 14 12.21 117.8 | 70.2 25-33 | 30.44 
Apr. 1, 1898 105.88 14 13.59 81.9 115.6 25.40 | 30.1 
Mar. 28, 1898 . 107.00 14 13.64 go.0 | 102.8 25.72 | 39.22 
HiGH Pressure CyLinper. 
Set Po “ | a ER | = | 
a) = w } € i oe a | 
. 7 4 4 | c >= Oo = . 
g 2 2 | ae. [ee |$8 | 4 - 
S — . £ | & 5 5 | € S o 
TE ; = oa . “24 ors os = S 
ren ic) S| 2 ee lee ea tal 
-¥ = 2 2 3° Sot Ses}; & Pa a 
= o 5 S 33 $S° | 8s : : Y 
a Ss) 2 ¥ 32 era) aa) = Pa 
= be o o | Se | ess | & ce | : S 
= LS — = = ame | Dom 7 Len = | = wn ~~ 
= Ay ra a a | Qa | i} « a = 
| | | 
Mar. 8, 1898 . | 142.1 27. 138.4 37-4 40.6 76.3 84.3 48.7 47.5 | 36.56 
Mar. 7, 1898 | 142.5 7. vi 37-3 39-3 73-1 | 82.2 50.1 49.2 37-92 
Mar. 4, 1898 . } 142 ) Ss | = 41.4 75-9 | 82.. 51.9 49.3 38.5 
50.8 | 81.6 88.9 52.1 51.5 39-25 
15.1 | 66.7 | 88.3 45.0 28.4 29.11 
30.0 | 69.8 | 83.6 49.9 36.3 33-3 
44-3 | 783 | 86.2 51.0 49-9 | 38.31 
15-9 | 69.9 | 83.7 34.0 27.1 24.10 
19.8 | 63.4 | 84.6 39.2 39.7 27.43 
32.3 72.4 85.1 46.3 42.8 | 34.2 
45-6 | 75-3 | 89.0 44.6 43-4 33-62 
43-4 | 76.6 87.0 46.9 46.9 35-91 
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TESTS ON THE 


Results of Tests Made in the Engineering Laboratories. 


INSTITUTE OF TECHNOLOGY. — Continued. 





TRIPLE EXPANSION ENGINE AT THE MASSACHUSETTS 





INTERMEDIATE PRESSURE CYLINDER. 






























































‘ ; os | exw ne 
tS rs) £ Es as 
‘ is 3 g 8 |ss | 83 ai 3 
i 9° s = ~ awTw nwo f=] oS 
3 - o £ we | we - | 4s 1 
Dats. FA 5} < a fis if ae or hae eae FS 
- » 2 58 | eee] ees] a em 2 
= 5 5 5 og | 523] o28 sj = 
= 3 a iA 2 $§ os Z ose fz) ad g 
3s ” a of pa et) . ea 
3 o i -¥G& | $60 | 5.88 “3 sf Ss 
= 0 _ a mo Oy = I = 
Mar. 8, 1898 . . 36.6 15.5 26.7 Ean + 0.37 | 55.1 76.3 1.7 11.7 28.85 
Mar. 7,1898 . . 34.1 17.5 24.1 | —1.93 | --0.00| 562 77-4 10.7 11.5 27.49 
Mar. 4,1898 . . 35-3 17.6 26.3 | —1.30] +0.75 | 57-3 78.5 10.8 11.9 | 27.84 
Mar. 29,1898 . . | 43.2 159 35.1 | + 0.67 | + 1.51 | 58.2 79.3 15.6 14.2 36.52 
May 6,1898 . . | 13.3 19,2 952 | —- 4.30 | —3.0 58.1 95-9 4.81 4-50 12.03 
May 9,1898 . . | 25.7 17.5 19.5 —o.80 } + 0.68 56.5 94-4 6.81 7-22 | 17.65 
Mar. 22, 1898 . . | 39.4 17.5 32.7 + 1.39 | + 3.82 60.1 85.2 10.9 12.3. | 28.54 
Apr. 8, 1898 . . | 11.3 25.7 8.19 | —4.60 | — 2.99 74-4 Super. 5.08 5-51 13.61 
Mar. 14, 1898 | 14.4 32.1 9-38 | —2.78 | —1.89 78.9 | Super. 6.43 7-19 | 17.39 
Mar. 15, 1898 28.6 24.6 23.0 + 0.95 | + 2.26 75.2 Super. 9.07 | 10.6 | 24.57 
Agr, 1,1808 . . 39.2 18.8 32.1 + 1.05 | + 3.63 | 69.4 92.4 aa.r | 22.6 | 30:97 
Mar. 28, 1898 | 37-5 20.2 32.4 | + 1.07] +2.75 | 73.0 92.5 12.1 12.2 30.08 
Low Pressurg& CyLinpER. s | = 
n ~ aa 
. a ’ ‘ EX = la las 
1c /3] 8) 818 18s (gs |. erate. 
| s 2 ao | ag aig | =e) ms 
3 o o £ 1 oa pom ¢ $ Se | ee | 
Date. 3 | 3 ® Sere at Ses S|] 4 |] 2 | &s| ae. 
6 < e © = 5 Sow | & 6 ; A 2 |meleos 
eae. 5 | se | esei| e228)" |) = | ® Ps ese 
| ° 8 8 2@ oes | OSS i} fe] S ies | eccee 
(e]s] 8] &] el ss8lsss| ls} | & eas 
| 5 ey a a ro x 4 = = a |e oa 
| r_., | | ore ey 
Mar. 8, 1898. . | —2.6| 22.6 | —s.2 | 11.1 | —12.0 | 44.9 61.3 | 4.14 | 3.99 | 22.85 | 289.7] 288.4 
Mar. 7,1898. . | —2.3| 19.5 | —5.4 | INE | —I1.9 40.0 55-3 | 3-97 | 3-90 | 22.11 | 290.9| 288.9 
Mar. 4, 1898. . | —1.3| 18.7 | —4.4 | 10.6 —11.2 41.2 64.4 | 4.25 | 4.08 | 23.34 | 289.8] 286.3 
Mar. 29, 1898. . | —0.7| 22.5 | —3.0 | —10.2] —11.3 46.8 61.7 | 4.81 | 5.07 |.27.55 | 282.0] 280.8 
May 6,1898. . | —3.6| 36.8 | —5.7 | —10.6| —11.3 201 98.8 | 4.06 | 4.54 | 25.31 | 277.1] 272.7 
May 9,1898. .|-+0.7]| 35.5 | —2.9 | —10.0] —11.2 74-7 86.0 | 6.13 | 5.76 | 33-98 | 277.1 | 261.5 
Mar. 22, 1898. . | +2.3] 39.4 | —1.6 | — 9.1 | —11.4 82.9 81.9 | 7.97 | 8.32 | 45-53 | 265.8] 264.4 
Apr. 8, 1898. . |—3.8] 32.6 | —6.0 | —rr.1 —12.0 92.1 Super. | 3-92 | 4.24 | 23.82 | 268.6] 274.4 
Mar. 14, 1898. . | —1.7| 33.3 | —5-3 }—11.0 | —12.1 86.7 90.2 | 5.19 | §.14 | 29.96 | 260.7] 259.9 
Mar. 15, 1898 . . | +1.9] 33.2 | —2.5 | —10.3 | —11.6 83.7 80.8 | 6.46 | 6.57 | 36.88 | 257.8] 252.0 
Apr. 1, 1898. . | +1.8] 35.7 | —1.4 |—9.4| —11.5 79:8 85.4 | 7.20] 7.63 | 41.89 | 258.6] 254.5 
Mar. 28, 1898 . . | +1.7]| 36.0 | —1-4 }— 9.1 | —11.6 86.1 89.6 | 7.14 | 7-43 | 41-01 | 256.4] 254.5 























Cranks set 120° apart, the high leading. 

Total volume of working side of first reheater, 8.5 cubic feet. Second reheater, 11 cubic feet. 

Total reheating surface, first reheater, 80.2 square feet. Second reheater, 102.4 square feet. 

Volume in piping and ports between exhaust valves on high, and admission valves on intermediate, 
exclusive of reheater, 22.3 cubic feet. 

Volume in piping and ports between exhaust valves on intermediate, and admission valves on low, 


exclusive of reheater, 20.4 cubic feet. 
Steam used in the jackets was supplied at full boiler pressure. 
Jackets on the cylinders were not in use. 
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3 2.— APPARATUS FOR TESTING EXPLOSIVE MIXTURES OF 


ILLUMINATING GAS AND AIR. 











Illuminating Gas and Air. 187 


EXxpPLosIVE MIXTURES OF ILLUMINATING GAS AND AIR. 


During the last year a few experiments have been made upon 
explosive mixtures of illuminating gas and air. These experiments 
have formed a part of the regular work in the fourth year mechanical 
engineering laboratory. 

The essential parts of the apparatus (Figures 2 and 3) are: (A) 
The cast-iron cylinder for holding the mixture. (B) Manometer tube 
used in obtaining the desired mixture. (C) Power pump used in 
clearing the cylinder of the products of explosion. (D) Exhaust pump 
for rarifying the air in the cylinder. (E) Indicator. (F) Tuning fork 
for obtaining a time line on indicator card. (G) Two storage bat- 
teries, one wired to terminals in cylinder to give the electric spark for 
the ignition of the mixture, the other being used in connection with 
an electro-magnet to keep the tuning fork in vibration while a card is 
taken; a metallic point attached to the end of one arm of fork trac- 


ing a wave line upon the card. (H) Induction coil. 


The method of procedure in making an experiment is as follows: 
The cylinder is thoroughly cleared of the products of explosion by 
forcing air through it by means of the power pump. The connections 
between the cylinder and the atmosphere, the cylinder and the power 
pump, are then closed. To obtain a given mixture, for illustration, one 
part gas and five parts air, the barometer reading, say, 30 inches; the 
connections between cylinder exhaust pump and manometer tube are 
opened, and the exhaust pump is allowed to operate until there is a 
difference of level of 5 inches of the mercury in the manometer tube ; 
then one-sixth of the original volume of air in the cylinder has been 
removed. The connection between the cylinder and the exhaust pump 
is then closed, and just as much gas is allowed to flow into cylinder as 
air previously removed, bringing the pressure in the cylinder back to 
atmospheric and also giving the desired mixture, one part gas and five 
parts air. The connection between the cylinder and the manometer 
tube is then closed and the gas is allowed to diffuse in the cylinder for a 
few minutes before ignition. The indicator card is placed on a flat cir- 
cular dise which is driven from a shaft over the machine. Metallic points 
are used for the indicator, and on the arm of the tuning fork. The 
atmospheric line, which in this case is a circle, is taken and a switch 
is thrown in, causing the tuning fork to vibrate. The indicator cock 
is opened and time and pressure lines are taken simultaneously upon 
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the card. The time line in this case is a wave line, from crest to crest 
corresponding to ;), of a second. 

A small projection from the frame carrying the tuning fork enters 
a spiral groove in a disc which is rotated while the card is taken; the 
object of this groove being to prevent the wave lines from being super- 
imposed. 

The indicator point is kept in contact with the paper for about two 
seconds. The time of explosion, maximum pressure and pressure for 
each twelfth of a second, for one second, are measured and plotted 
upon coordinate 
paper to scale of 
ordinates 1/' = 4o 
pounds, abscissa 
6" = 1 second. 
Pressures were 
also measured for 
each 1, second 
from time of igni- 
tion to maximum 
pressure, so that 
the first part of the 
pressure line could 
be plotted more 
accurately. Areas 
under the curves 
were obtained by 
planimeters. 





To determine 

Mixture:- I part gas,9 parts air which of the mix- 
Fic. 4. — A SAMPLE INDICATOR-CARD. tures has the 
greatest capacity 
for doing work, suppose I cubic inch of illuminating gas to be used 
in each of the mixtures, 1-3, I-4, I-5, etc., then they would measure 
4, 5, 6, etc., cubic inches. Let them be placed in cylinders of 4, 5, 
6, etc., square inches piston area, the pistons will be displaced 1 inch 
from the bottom of the cylinder. If the pressure on the piston were 
the same, equal movements of the piston would give equal power; if, 
therefore, the mixtures gave equally good results, the mean pressure 
multiplied by the piston area will in all cases be the same. The 

















FIG. 3.— THE SAME APPARATUS VIEWED FROM THE OPPOSITE SIDE. 
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mean pressures were obtained from the plot of the cards on codrdi- 
nate paper, the same scale being used in all cases. 

The first fifth of a second only was considered, for in that time 
the ordinary gas engine has completed its working stroke. Column 6 
of the results of tests shows the relative power of the mixtures. By 
a similar line of reasoning we obtain column 12 of the table, which 
shows the relative power of the mixtures to resist cooling. As the 
method here employed is applicable to other gases, we are enabled to 
compare the relative value of any similar explosive mixture. 


RESULTS OF TESTS ON EXPLOSIVE MIXTURES OF ILLUMINATING GAS 
AND AIR. 
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z ag | = ae 12.8| § | & | #¢ | |e.” 
a 4 cA ag Hy 0 3 my ag | | 3 Dy 
= i ne d ee | Bu % GS | Se | 3 o Ds 
eA i=] bake ae Qing 2 ra) es ae | rf 5 o 
PB) “6 a rm Te = d a | & | Oe 
3 oo as Eg Fx. = af ce | [| = ems 
= o t “eo cS + “a oO J | be | ~ 
cE Bn | 28 od | ozs s | «8 on | | .§ zs 
2 A 5 & J | ‘& 
a < = iac =|) = f= =~ | | & ie 
| 
2 3 4 5 ) be 9 | 10 12 
oa | 
Gas-Air | 
I— 45 49 | 0.32 II 44 26 1.30 43 172 40 | 160 
| 
—4 8 08 | 1.77 59 295 61 | 1.88 62 310 46 230 
= 96 05 =| 1.86 62 372 52 | 1.93 64 384 44 264 
| | 
| ' 
= 88 05 | 1.80 60 420 54 | 1.93 64 448 46 | 322 
I—7 8¢ 06 =|’ 1.97 6 528 58 1.93 64 512 48 | 354 
—s 87 -06 | 1.71 57 513 | 53 | = 363 61 549 46 | 414 
1— 77 | .o8 1.60 53 530 57 1.86 62 620 46 | 460 
| 
| , 
— 1} 71 | II } 1.36 45 495 56 | 1.69 56 | 616 45 495 
| | | } | | 
I—r1I 68 14 1.21 40 | 480 60 1.66 | 55 660 43 | 51¢ 
I— 12 39 +33 0.35 12 156 29 | 0.98 | 33 429 30 390 
| | } | 
I— 13 32 | 42 o.18 6 84 | 16 | 079 | 26 | 364 24 | 330 
| } 
I—14 , 0.05 2 30 4 | 0.24 | 8 | 120 8 120 
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APPLIED MECHANICS. 


TORSION TESTS ON COPPER WIRE. (Series 1.) 












































n tt wo ar a Os. we 

3 gs £8 e = 3 s 
° 4 and ee sa = $4 
“ os Fe +s 3.5 es 
sv = 3 os iat oge fe 
Date, 1897. i “Bs ou On ~2% eS 
ge ad 58 oO ego o & 
v.3 Sa £2 Ze ee in 
ES ase 25 ef 855 €E 
ao sos BO $ 2,32 EE 
a % ofS ea —e.) ae &s 

- =) a a < < 
Oct, .28:, « » 0.1658 12.0 36.6 52.1 40,900 4:34 
lt S04. 4s 0.1644 12.0 37:3 53-8 42,800 | 4.48 
a 0.1643 12.0 38.3 42.1 43,900 | 3-51 
fa ore 0.1664 12.0 37.6 46.4 41,600 3.87 
OW So 0.1678 12.0 37-4 51.5 40,300 4.29 
BO. 95 bs 0. 1663 12.0 37.0 43-4 40,900 3.62 
ee a 0.1669 12.0 38.0 57-8 41,600 4.82 
Oe. Os ss 0. 1666 12.0 38.0 16.8 41,900 1.40 
Nov. 1... 0.1656 12.0 36.5 49.2 41,000 4.10 
Nov. 17... 0. 1663 12.0 35-7 46.3 39,500 3.87 

TORSION TESTS ON COPPER WIRE. (Series 2.) 
Her B.S, 3 a ie 5 
wt a ts “3 Bug #2 
oS so “LS "= oga 5-= 
Date, 1897. » g Es Seg #23 es 
Ys re 36 - OR ova om 
3.8 2a £2 aes tae 2 a 
ES Pie BS a8 £9.20 SE 
£9 ves S & 35S aed 3 
fa) = = a = <” 
a: 0.2586 10.0 130.7 37-7 38,500 3-77 
POT 5 at 0.2584 | 10.0 126.8 37.8 37,400 3.78 
MO 87 5 a] 0.2582 12.0 118.6 43.2 35,100 3.60 
Nov. 18... | 0.2576 100 116.3 33-1 34,600 3-31 
Nov. 18 ° 0.2572 10.0 127.6 31.5 38,100 3:48 
Nov. 19 ; 0.2575 10.0 122.3 34.2 36,400 3.42 
Nov. 20 ; | 0.2578 10.0 125.0 43-2 37,200 4.32 
Nov.30 .. » 0.2581 10.0 131.5 46.5 38,900 4.65 
| 

Mov, 22. * «.] 0.2579 10.0 124.7 30.8 37,000 3.08 

















Notg. — This material was a very soft ductile grade of copper. 
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TORSION TESTS ON COPPER WIRE. (Series 3.) 









































P 33 | Be 2% ion S 
5> ae | 38 S a ¢ 5. 
o¢ ae ie os ee as 
& § Ea | 3g Ee? 
rho? “3 oS | wee oes 3.8 
Date, 1897. ss z Be nw 223 ES 
| os 3) Se woe ago om 
| >) + os v Yos | eee to, 
} 2.2 aeas os Es | 23 Sue <2 
ES 252 2S Bee S95 fe 
£g of ee S25 erate) 25 
a PS eas ia a a = <* 
| | 
Pe; €s. « « 0.1037 10.0 | g.1 | 28.1 41,400 | 2.81 
| | 
BPG Gai ss 0.1038 8.0 | 9.5 29.6 43,300 3.70 
Dee. 9. « - 0.1025 8.0 11.6 24.4 54,700 3-05 
| | 
Dee. 16. + % 0.1034 8.0 12.9 53 59,400 65 
i a. er 0.1050 8.0 | 9-7 18.1 42,7 2.26 
Dec. 18 . . « 0. 1062 8.0 | 10.3 39.0 439800 4.88 
De BH. cs 0.1041 8.0 11.5 27.8 51,800 3.48 
} } 
Dee, 28. + « 0.1046 10.0 | 10.6 } 23.2 47,200 2.32 
Notg. — This material was a hard grade of copper. 
TORSION TESTS ON BRASS TUBING. 
» «ss  G ue | a | oe = 
os * oo oF oa Ss ; oa = 
~ © ~sS e sao - } os a & 
es; og SS UC iged | Sy | eo § oS 
os es 5 FS | CE | a6¢ 5 
= Sw 62 = | Se | es 3 
Date, 1808. ae Se z Ec oat ~2s eS 
° =e Ss 5 oe o & 
a am onto 20 | 88 | o% - oO oy 
sag Zoa Mew = | 8 She 6c 2 
8 =. & sos KS Ee ave os 
se Th et es om ce | 50 Oi) os 
A ow he %ES we & | a ae = 
O = 4 a a } < < 
AP Fee SI 0.246 0.186 10.0 81.5 1} | 41,500 15 
Apr. 9. « « 0.253 0.173 10.0 | 132.5 | 13 | §3,300 18 
| | | | 
| 
Apr. 22 oat 0.253 0.158 10.0 | 132.0 | 3 | 49,200 .03 
| | | 
Apr. 22 . « | 0.253 0.158 10.0 | 131.0 | 3 | 48,900 03 
Apr. 22 +e] 0.253 0.158 10.0 138.0 | 4 51,300 03 
{ | | ! 
Apt, 436 2 8 0.253 0.158 10.0 139.0 } 51,800 | .03 
5 | 
| | 
Apr. 23 . | 0.253 o158 10.0 135.0 3 | 50,300 | 03 
Apr. 25... « 0.253 0.158 10.0 134.0 } 50,000 | +03 
Apt. 26 2s 0.253 0.158 | 10.0 115.0 4 | 42,900 | 02 
| 
| | | 
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TESTS ON ROUND 





Results of Tests Made in the Engineering Laboratories. 


BRASS ROD. 











n ‘ . -_~ 4 a 
S 3g ae Q | es 3 
= os "Ss. a _ a 
. eS g= | 38, | 34 3 
= = ss } ie | So =o 
7 38 “S | o8 | o¢8 Es 
Date, 1898. » Fa Bus ~ £3 eo 
Ss “9 Sa » 8 ego of 
vs +2 a) Ye | | Seer hy 
ES ee =e Ba a3 Ee 
£3 $3 ae Es | 833 gS 
_* qo a A | ~ ead < 
| 
Apr. :4 8.00 17-5 12} 55,800 
Apr. P 9.00 17. 15 55,700 
Apr. | 8.00 18.6 13} | 59,300 
Apr. . | 9.00 17.4 15 | 551900 
Apr. 9.00 17.8 153 | 57,000 
Apr. 8.00 17.0 11} 54,600 
Apr. 8.00 16.3 14 51,200 
Apr. 8.00 16.4 13 52,800 
Apr. 8.00 16.4 13 52,700 
Apr. g.00 16.6 15 539300 
Apr. 8.00 17.0 14 54,900 
Apr. 8.00 16.6 12 53,800 
Apr. 8.00 17.1 133 55,400 
Apr. 8.00 16.9 14 54,800 
Apr 10.00 16.5 164 53,000 
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no ~ -_~ ne | 
a og ws = 3 ais | S 
Sn o = 32 ea : 
an p= n om c hm 
Cg no nm: a4 nw vs 
= S 3a ~ 3 3.6 ae 
“<< a Las & 2s Es 
a ow ov ~ — Onn 1 
Date, 1897. ais be ee oy «£3 Eg 
sa =% se xo & aso | o & 
2.2 ones £2 823 es bh 
e's Mss Se 2s Sen a2 
ES -~82% sé Eve S55 &s 
es a) *° os QaAa75 os 
£3 SES ee | 338 ae3 £3 
=} et = 
a a 2 | & < | <; 
Oct. 18 . . 0.1491 12.0 | 53-3 39-9 81,800 3-33 
| 
Oct. 18 , 0.1488 12.0 | 52.5 37.8 81,200 3-15 
Oct. 20 0.1489 12.0 | 52.8 40.4 81,300 | 3-37 
| | 
| | | 
Oct. 20. . 0.1490 12.0 53-3 | 41.7 82,000 | 3.48 
Oct. 20. . 0.1492 12.0 51.7 39-5 79,300 | 3-29 
Oct. 27 . 0.1492 12.0 50.9 | 32.5 78,100 2.71 
| 
| 
Oct. 27 . 0.1492 12.0 52.4 | 40.9 80,400 3.41 
Oct. 27 « « 0.1491 12.0 53-1 37.2 81,500 | 3.10 
Get. ab. + 0.1492 12.0 53-3 | 41.1 81,800 3-43 
} 
Nov. 24 . 0.191 12.0 107.0 } 35-4 77900 3.0 
Nov. 24 . 0.191 12.0 110.0 36.4 80,100 3.0 
| 
Dec. 2. . 0.191 10.0 108.9 29.7 80,100 3.0 
Dec. 2. 0.191 10.0 105.9 | 28.6 77,900 2.9 
Det; 4 4 % 0.191 10.0 107.8 } 27.6 78,600 2.8 
Dec. 6 . 0.190 10.0 106.4 | 27.4 78,500 2.7 
Dec. 9 « + 0.190 10.0 106.5 31.7 79,600 3.2 
| 
Dec. 10 . 0.191 10.0 106.9 | 29.0 78,400 2.9 
| 
a) 0.191 10.0 105.0 28.0 76,500 2.8 
Dec. 18 6.191 10.0 116.0 | 26.8 85,300 2.7 
Dec. 20 . « 0.191 10.0 109.7 | 30.0 80,700 3.0 
Dec. 31 . 0.19! 12.0 105.6 } 36.4 77,500 3.0 
Des. $5 . s 0.191 12.0 103.0 | 33-9 753500 2.8 
[a ee 0.190 10.0 105.1 | 30.7 77,600 3.1 
a 4% % 0.190 10.0 103.5 } 27.2 76,600 2.7 
im 2 5 0.191 10.0 105.8 | 31.6 77,600 3.2 
fom, 2 & S 0.191 10.0 104.2 28.5 76,400 2.9 
| 
Mar. 29 0.193 10.0 115.0 36.3 81,500 3-6 
Mar. 31 . 0.193 10.0 120.0 37:5 87,000 3.8 
Mar.3r. . 0.190 10.0 108.0 | 35-5 80,200 3-6 
| 
Apr. 4 > 0.194 10.0 116.0 80,900 
A. 4% «6 0.194 10.0 108.0 38.0 75,100 3.8 
Apr. 21 P 0.193 10.0 117.0 | 37-5 82,900 3-7 
Apr. 21 , 0.193 10.0 123.0 40.8 87,100 4.0 
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THE PROTECTION OF STEAM-HEATED SURFACES. 


By CHARLES L. NORTON. 
Received July 18, 1898. 


THE investigation, of which this is a partial report, has been under- 
taken at the request of Mr. Edward Atkinson, and has been pursued 
during a large part of the years 1896 and 1897, and is still incom- 
plete. The first object sought for was the relative efficiency of sev- 
eral kinds of steam-pipe covering now upon the market. The second 
object was to ascertain the fire risk attendant upon the use of certain 
methods and materials for insulation of steam pipes. Third, an 
attempt was made to show the gain in economy attendant upon the 
increase of thickness of coverings, and to show also the exact financial 
return which may be expected from a given outlay for covering steam 
pipes. Further information is given on many minor matters and con- 
ditions effecting the transfer of heat from a steam pipe to the sur- 
rounding air. 

The method adopted is one which, so far as I know, is origi- 
nal. A piece of steam pipe is heated by electricity from the inside. 
The amount of electrical energy supplied is measured, and hence the 
amount of heat furnished is known. If the steam pipe is kept at 
a constant temperature by a given amount of heat, it is because that 
amount is just equal to the heat it is losing, for if the supply were not 
equal to the loss, the temperature would rise or fall. In other words, 
the heat put into the pipe is just equal to the heat lost from it by 
radiation, convection, and conduction. By measuring the electrical 
energy supplied I can determine the heat put in, and hence the heat 
given out or lost. It must be borne in mind that a given amount of 
electrical energy always produces the same definite amount of heat, 
the amount of heat furnished by one electrical unit of energy being 
known with greater accuracy than the amount of heat given out by 
a pound of steam in condensing. 

The apparatus for making tests by this method comprises several 
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pieces of steam pipe of different diameters and lengths, heated elec- 
trically from within by means of coils of wire in oil. The oil is 
stirred vigorously, and serves as a very efficient carrier of heat from 
the wires to the pipes. A brief description of the smallest tester may 
make the details of the apparatus more easily understood. A section 
is shown in Figure 1. 7 


Vm. 
AAS 





“AR yys A piece of 4-inch 
e**steam pipe 1S inches 





Q long is closed at one 
j end by a plate weld- 
Q— Main ed ae at the 
Am. other by a tightly 
fitting cover. This 
pipe is then filled 
with cylinder oil, 
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of sufficient carry- 







































































* Pipe ing capacity, and a 
2g & stirrer, are intro- 
- | Covering duced into the oil. 
SS | male A thermometer is 
Say Pals Oil inserted in such a 
is 4 ss ’ position as to record 
i HH Wire heater 
i} ae the temperature of 
i Py ik the oil. An amme- 
a = Stirrer ter and voltmeter or 
e a 
mh l/ ie a wattmeter may 
| ies o then be connected 
rats cone bereteette so as to record the 
FIG. 1.—PLAN OF THE APPARATUS FOR TESTING amount of electrical 
STEAM-PIPE COVERINGS. energy supp lied. 


The stirring must be brisk, and if enough power is put into the stirrer 
to be comparable with the electrical energy supplied, such amount must 
of course be added, as it also is converted into heat. It is my cus- 
tom to suspend the apparatus in the middle of the room on non-con- 
ducting cords, and read the thermometer with a telescope, so that no 
heat from the person of the observer may be added to the supply 
given to the cover from within, and also that care may be taken not 
to produce air currents by walking near the apparatus during a test. 
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In making a test the following operations are carried out, and 
observations are taken in the following order : 

The current is turned on, and heat is generated in the wire coil 
until the wire, oil, and steam pipe have reached the desired tempera- 
ture at which it is proposed to test. The current is then gradually 
diminished, until it is found to be of just the amount necessary to 
keep the pipe at this temperature without a rise or fall of one-tenth of 
a degree in 30 minutes. A reading of the voltage and current is now 
taken at intervals of 30 seconds, and the watts and B. T. U. are com- 
puted from their average. We then have the number of B. T. U. lost 
from the outside of this particular pipe at this particular temperature. 
If, now, we place a steam-pipe cover around the pipe, we shall find 
that a less amount of energy is sufficient to keep it at the required 
temperature, the difference being the amount of heat saved by the 
covering. The minimum length of time considered sufficient for the 
equalization of heat, or “soaking in” to the cover, is 6 hours. If, after 
a second heating of 6 hours, no change in the conducting power is 
noted, the cover is considered in a permanent condition, and is tested. 
Some covers, notably those composed wholly or in part of wool, can 
not be considered dry and constant until after an exposure upon a pipe 
at 200 pounds pressure for 6 or 8 days. Covers containing sulphate of 
lime are also slow in drying. . 

The three thermometers used were frequently standardized in naph- 
thaline, and were examined to note any disagreement among them- 
selves. 

A discussion of the position of the tester and its exposure to air 
currents will be found in a later paragraph. 

All tests were made at a temperature corresponding to 200 pounds 
steam pressure. 

A comparative test was made in 1895 upon a number of steam-pipe 
covers on a 4-inch tester 16 inches long. The results obtained have 
been published in the circulars issued by the Boston Manufacturers 
Mutual Fire Insurance Company, and by the Steam Users’ Associa- 
tion. The values given were stated to be purely relative, the speci- 
men being too small to give reliable data on the absolute conduction, 
and the surrounding conditions not being controlled other than to 
maintain them constant during the several runs. The ends of the 
specimen were covered by massive heads, and the whole tester was 
situated within a few inches of a brick wall and a stone pier. It was 














Fic. 2.— GENERAL VIEW OF THE APPARATUS IN POSITION. 
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called to my attention that the heat loss was probably high, and I 
agree that the exposure was such as to make it so, being a rather 
harsh test, but one which was rigidly uniform in its requirements of 
the several covers. In short, the actual loss of heat per square foot 
of the pipe surface was correct for that particular piece under the 
conditions of the test, but was not sufficient for the estimation of the 
actual saving which might be expected from the general use of cover- 
ings. I deemed it wise, therefore, to construct new heaters 4 and 10 
inches in diameter, and 36 inches long. These were suspended by 
non-conducting cords in the center of the laboratory, so as to hang 
freely and not be in contact with any conducting supports. Conduc- 
tion up to the lead wires and stirring rod was found to be negligible. 

It seems to me that I have approached more nearly the conditions 
of actual practice than can be obtained by any other method of test- 
ing, except the actual use of along run of pipe, and the determina- 
tion of the amount of heat put into such a pipe by the “ condensa- 
tion” method offers many difficulties and is open to much uncertainty. 
I feel, therefore, that in adopting this method I am using a reasonable 
exposure for the pipe, and have an exceptionally good opportunity to 
measure the heat supplied. 

Results are given in English units, the British Thermal Unit or 
“pound — degree”’ being the measure ordinarily used by engineers. 
Its abbreviated form in the tables is B. T. U., it being the amount of 
heat necessary to raise I pound of water 1° F. 

The general appearance of the testing apparatus is shown in Fig- 
ure 2. Table I gives the relative conductivity of the various kinds of 
steam-pipe cover tested up to April, 1898. 

It gives the results of the tests upon most of the samples used, 
some being omitted when found to be of such low efficiency as to be 
of doubtful value. 

Specimen A. Nonpareil Cork Standard, consists of granulated cork, 
pressed in a mould at high temperature and then ‘submitted to a fire- 
proofing process. 

Specimen B. Nonpariel Cork Octagonal, is similar in composition, 
but is made up of several strips of cork, instead of two semi-cylindri- 
cal sections. 

Specimen C. Manville High Pressure Sectional Cover, is composed 
of an inner jacket of earthy material and an outer jacket of wool felt, 
the whole being 14 inches thick. 
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TABLE I. 

| Nonpareil Cork Standard . . | Nonpareil Cork Co. . 2.2 | 15-9 | 1.00 | 27 
B | Nonpareil Cork Octagonal. . | Nonpareil Cork Co.. . | 2.38 | 17.2 | 801 16 
C | Manville High Pressure. . . | Manville Covering Co. . | 2.38 | 17.2; 1.25 |; 54 
1D: | PEaouesia... 5 we a a | Keasby & Mattison Co. . | 2.45 i, 132 | 35 
E | Imperial Asbestos. . . . .|H.F. Watson. . . .| 249 18.0) 1.12) 45 
F |“W.B” ... . . . . .|H.F. Watson. . . .{ 262) 189} 1.12) 59 
G | Asbestos Air Cell . . . . .| Asbestos Paper Co. . . | 2.77 | 20.0} 1.12} 35 
H | Manville Infusorial Earth . . | Manville Covering Co. . | 2.80 | 20.2 | 1.50 
I | Manville Low Pressure . . . | Manville Covering Co. . | 2.87 | 20.7 | 1.25 
J | Manville Magnesia Asbestos . | Manville Covering Co. .| 2.88 20.8] 1.50 65 
K | Magnabestos . | Keasby & Mattison Co. . | 2.91 | 21 o| 1.12; 48 
L | Moulded Sectional. . . Saas Os | H. F. Watson... . | 3.00 | 21.7 112, 41 
O | Asbestos Fire Board . . . . | Asbestos Paper Co. . | dado | 2rkt i12 35 
P | Coo RS a an a ie Ma eae hee Carey Co.*s .. | S61) 26:1)| T12)) 66 

NS 5s. & & 4% eh eset | 13.84 | 100. 





Specimen D. The Keasby & Mattison Magnesia, is a moulded sec- 
tional cover, composed of about go per cent. carbonate of magnesia. 

Specimen E. The Imperial Asbestos of the H. F. Watson Com- 
pany, is essentially an air cell cover, being composed of sheets of 
asbestos paper which has been indented before being laid up, the 
indentations serving to keep the thin sheets of paper from coming in 
close contact with one another, thereby causing a considerable amount 
of air to be held throughout the body of the cover. 

Specimen F. The “W. B.” covering of the H. F. Watson Com- 
pany, is composed of a wool felt with a lining of asbestos paper. 

Specimen G. The Asbestos Air Cell Cover of the Asbestos Paper 
Company, is a cover made up of thin sheets of asbestos paper, fluted 
or corrugated, and stuck together with silicate of sodium. 
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Specimen H. A plastic covering made by the Manville Company 
of Infusorial Earth. 

Specimen I. The Manville Low Pressure Covering is similar to 
Specimen F. 

Specimen J. A plastic cover made by the Manville Company, and 
called by them Magnesia-Asbestos. 


It contains only a slight amount 
of carbonate of magnesium. 


Specimen K. The Magnabestos of the Keasby & Mattison Com- 
pany is a moulded cover, containing about 45 per cent. of carbonate of 
magnesia and a considerable percentage of carbonate of calcium. 

Specimen L. The Moulded, Sectional Cover of the H. F. Watson 
Company is composed mainly of sulphate of calcium and some 20 per 
cent. of magnesium carbonate, and has upon its outer surface a thick 
sheet of felt board. 

Specimen O. The Asbestos Air Cell Fire Board of the Asbestos 
Paper Company is similar to Specimen G, except that it has larger 
cells and contains much more silicate of sodium. 


It is very hard and 
strong. 


Specimen P. The “Calcite,” or Asbestos-Magnesia, of the Philip 
Carey Company, is a sectional, moulded cover, composed mainly of 
sulphate of calcium. It has an outer layer of felt board. 

In regard to the compositions of Specimens C, J, L, and P, I desire 
to state that I have made no complete analysis, but have satisfied myself 
that the principal ingredient is sulphate of calcium and wot carbonate 
of magnesium. Prospective purchasers of pipe covers should not be 
misled by names. Since the appearance of Professor Ordway’s reports 
it has been recognized that carbonate of magnesium was of great value 
as a non-conductor of heat, hence the name “‘Magnesia”’ has been applied 
to a great many covers. It is to be observed that there is no virtue in 
aname. Asbestos is merely an incombustible material in which air 
may be entrapped, but when not porous is a good conductor of heat. 
Magnesia is a most effective non-conductor. This name has been 
applied to many compounds, of which the greater part consists of car- 
bonate of calcium or of plaster of Paris, materials which are not good as 
heat retardents. The percentage of magnesium carbonate and plaster 
of Paris in several moulded, sectional covers is given in Table II. 

I have made no investigation of the effect of the raw materials 
upon the metal of the pipe other than to satisfy myself that the 
Cork, Magnesia, Air Cell, and Imperial covers cause no corrosion. 
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TABLE II. 
| PERCENTAGE COMPOSITION. 
a | | ee 
Hs Nang Mg.COs. | Ca.SO,. 
io} | 
2 | Carbonate of Magnesium. Sulphate of Calcium. 
D | K.& M. Magnesia S80 to 90 3 
C Manville H. P. Lining . Less than 5 65 to 75 
L Watson Moulded 20 to 25 50 to 60 
r Carey Calcite . Less than 5 75 
J Manville Magnesia Asbestos . 10 to 15 None. 











The conditions of testing were reasonably near the conditions of 
actual practice. The room temperature was kept at 72° F., and the 
openings into the room were carefully closed. It was found early in 
the series that variation in the amount of moisture present in the air 
altered the amount of heat lost from the covers, but no attempt was 
made to correct this. The error introduced is not greater than 1 
per cent. 

It was found that the heat loss per square inch of the flat surfaces 
at the ends of the pipes was less by several per cent. than the loss 
from the sharply curved sides, and as all pipe covers tested were used 
to cover both sides and ends, the figures given in the table show a loss 
less than would be shown were the pipe surface wholly cylindrical, and 
more than if it were all flat. 

The pipes were suspended from the ceiling, as described in an 
early paragraph, and the circulation of the air about them was due only 
to their own convection currents. The variation in thickness in differ- 
ent places on the same specimen was considerable, but an average of 
twenty measurements was taken and results given in the table to the 
nearest 1 of an inch. Owing to these variations in thickness, the 
results of a measurement of the efficiency of any one cover cannot 
be used to predict the efficiency of a second cover of the same make 
with an accuracy greater than 2 per cent. Two specimens of each 


make were tested, and in some cases, four, the mean value being given 
in the table. 


Table III gives the saving, in dollars, due to the use of the various 
covers. 
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TABLE III. 




















i None | Parepsesais, | Saving 8-2-0. | Savingper year 
a 

A | Nonpareil Cork Standard . 2.20 11.64 $37.80 
B_ | Nonpareil Cork Octagonal . 2.38 11.46 37.20 
€ Manville Sectional High Pressure 2.38 11.46 - 37.20 
D | Magnesia 2-6 ks we eS 2.45 11.39 36.90 
E |Imperial Asbestos . .... . 2.49 11.35 36.80 
F OW. Be 6 ee oe we ice eG 2.62 11.22 36.40 
G | Asbestos A Cel. «2 2 6 se 2.77 11.07 36.00 
H_ | Manville Infusorial Earth. . . . 2.80 11.04 35.85 
I Manville Low Pressure. . . . . 2.87 10.97 35.65 
J Manville Magnesia Asbestos . . . 2.88 10.96 35.60 
K | Magnabest0s . 5 5 1 sw st 2.91 10.93 33.50 
L_ | Moulded Sectional . . . . 3.00 10.84 35.20 
O | Asbestos Fire Board. . . .. . 3.33 10.51 34.20 
P )G@G@ene 6 ne. 2 S5Ste 2 5 3.61 10.23 33.24 

BOTS & 6 26 ea eae 4 13.84 . 

















Table IV shows that at the end of ten years the best of the covers 
tested will have saved $46.00 more than the poorest. The difference 
between the several covers of the better grade is exceedingly small. 

The money saving is computed on the following assumptions: 
Coal at $4.00 a ton evaporates 10 pounds of water per pound of coal; 
the pipes are kept hot 10 hours a day, 310 daysa year. If computa- 
tions are made, as is sometimes done, on an assumption that the pipes 
are hot 24 hours a day, 365 days in a year, the saving is nearly three, 
times that shown in Table III. 

Generally speaking, a cover saves heat enough to pay for itself in 
a little less than a year at 310 ten-hour days, and in about four months 
at 365 twenty-four-hour days. 

It is evident that the decision as to the choice of cover must come 
from other considerations, as well as from the conductivity. 

The question of the ability of a pipe cover to withstand the action 
of heat for a prolonged period without being destroyed or rendered 
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TABLE IV. 


NET SAVING PER 100 SQUARE FEET. 





Speci- 





—_ Name. t year. 2years. | 5 years. 10 years. 
l 

A Nonpareil Cork Standard ... . $12.80 | $50.60 $164.00 | $353.00 
B | Nonpareil Cork Octagonal. . . . 12.20 49.40 161.00 | 347.00 
C | Manville Sectional High Pressure . 12.20 | 49.40 161.00 | 347.00 
D | Magnesia. . . . . . +. « «| 1190 48.80 | 159.50 | 34.00 
E | Imperial Asbestos. << .« « + « 11.80 48.60 159.00 | 343.00 

PWR eee we oh eee | ee | ee | 339.00 
G | Asbestos BipCel, « s 6 ws * & 11.00 47.00 155.00 | 335.00 
H_ | Manville Infusorial Earth . .. . 10.85 46.70 154.25 | 333.00 
I  stamsile Low PRESSING: 4c 6 6. ss 10.65 46.30 153.75 | 332.00 
J | Manville Magnesia Asbestos . . . 10.60 46.20 153.00 | 331.00 
K | Magnabestos . Sard aaa. is pee at SS 10.50 46.00 152.50 330.00 
L | Watson’s Moulded Sectional . . . 10.20 45.40 151.00 | 327.00 
O | Asbestos Fire Board. . . . . «| 9.20 43.40 146.00 | 317.00 
a ern ae 41.48 141.20 | 307.00 
Q | Bare Pipe . Ser Oe eee iene coos | teecee | OREO 














less efficient is of vital importance. The increasing use of cork as 
an insulator has led to many questions as to its ability to remain 
“fireproof.” I have exposed it to a temperature corresponding to 350 
pounds of steam for three months, and to a temperature correspond- 
ing to 100 pounds for two years, and can detect no change; and I am 
satisfied, as well as one can be without the actual experience, that any 
suspicion of its ability to withstand continued heating is groundless. 

The magnesia covering is, of course, unquestionable on this ground, 
being almost indestructible by heating. 

The Imperial Asbestos is also perfectly safe from any fire risks, as 
is the Air Cell and Fire Board. 


The Manville Infusorial Earth, and also the Manville Magnesia- 
Asbestos are liable to no accident from fire, nor is the Carey Calcite. 
It is to those covers, the “ W. B.” of the Watson Company, and 
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the Manville Sectional and others which possess a composite structure, 
that I desire to call attention. I do not consider it safe to put upon 
a steam pipe, wool, hair felt, or woolen felt in any form. The causes 
of risk are two: First, the wool may become charred by heat from the 
pipe and finally ignited. However, this can hardly happen, even on 
high-pressure pipes, when the thickness of fireproof material (asbes. 
tos, magnesia, or whatever it may be) is as great as 1 inch. The sec- 
ond and most serious risk is from the presence in shops or mills of the 
long tubes of wool, dry as tinder, often connecting one room with 
another, and ready to flash at the slightest rise in the already too great 
temperature, I would even insist that the canvas jackets on the cov- 
ers be fireproof. An accident in my own laboratory has proved the 
actual danger of these wool felts, and I should not be willing to allow 
their use again. Their efficiency is high as non-conductors, but not 
higher than any other perfectly safe covers. If the wool is separated 
by about 1 inch of fireproof material from the pipe, it is not kept so 
hot and dry, and the risks from outside ignition is less; but I do not 
endorse the practice of many engineers in wrapping hair felt outside 
of a sectional cover. The saving due to this practice is indicated in 
Table V. 

The following assumptions have been made in computing Tables 
IV,.V, and VI: First, that all the covers cost $25.00 per 100 square 
feet, applied. I realize that this is a high figure, perhaps too high, yet 
it is not far from the list price of several makers, and any attempt to 
get a definite price from them revealed a maze of discounts and double 
discounts, and flexible price lists too intricate for an unitiated mind to 
travel. In case the saving due to a cover which costs $20.00 instead 
of $25.00 is desired, the simple addition to the final saving of the 
$5.00 difference makes the necessary correction. 

Secondly, by the advice of the makers, I have made an assump- 
tion that the cost is not nearly proportional to the thickness. As the 
thicker coverings are not now made in great quantities, the actual cost 
of their manufacture is uncertain. 

Inspection of Table V shows the saving due to the use of hair felt 
outside a standard magnesia cover. In five years 100 square feet of 
hair felt saves $7.00 more than its cost, and in ten years it saves 
$20.00 above its cost. The further saving due to a second inch out- 
side the first is $8.00 in ten years. Of course the well-known tend- 
ency of hair felt to deteriorate should be considered. 
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In the case of the Nonpareil cork, increasing the thickness from 
I to 2 inches raises the cost from about $25.00 to $35.00 per 100 
square feet, and increases the net saving in five years by $10.00, and 
by $30.00 in ten years. In other words, the second inch of material 
in use about pays for itself in two years, while the first pays for 
itself in about one year. The third inch does not increase the saving 
even in ten years. The second inch, therefore, more than pays for 
interest and depreciation, while the third fails to do this. 

TABLE V. 
VARIATIONS IN THICKNESS, ETC. 




















|5z | az | . 
w ee | 3 
| ee on | Net SAvING. o 
! = af | 3 
SPECIMEN, at | £ 
£52| 558 Nl 5 
e iii | a Sm |r year. | 2 years. | 5 years. | 10 years. Ly 
Magnesia 1 in. thick . 11.62 | $37.75 | $7.75 | sas 50| $159 | $347 $30 
| | | 
Magnesia 12 in. thick, and 1 in. of | | | 
Hair Felt . |12.38| 40.22 | 5.22] 45.44) 166 | 367 | 35 
Magnesia 1? in. thick, and 2 in. of | | 
Hair Felt 2 2 ss « «© © PEST | 4050) 1504300) 167 | 375 40 
Nonpareil Cork: | | 
Pimch 36s we we sw oe PE 97-80)! 12:60 ($0200); 164 | 353 | 25 
PINCH 6, sw & sé sot Ss! Goh A ae | cee 48.50] 174 383 | 35 
BENG. 566s oes Sis a OF | canes 34.10] 160 | 370 | 50 
| 
Fire Board: | | | 
bins =... 1 so 6 «+ @ P98) SHR0] O90] 4040] Bee | 317 | 685 
2inch . . ~~ «© we «© © © | 12.48] 37.25) 2.25) 39.50] 151 | 337 | 35 
Simch . 2 5 ss oe se «6 PUETO) 3830011200 | 26.00} 140 | 330 | 50 
4inch . . «ee e + « « + | 11.83) 38.40) 26.60; 11.80} 127 | 319 | 65 
hc 











In the case of the Asbestos Fire Board, a second inch in thickness 
causes a saving of $20.00 in ten years, the third and fourth inches 
showing a loss. 

In general it may be said, therefore, that if five years is the length 
of life of a cover, I inch is the most economical thickness, while a 
cover which has a life of ten years may to advantage be made 2 inches 
thick. 


In view of the custom which prevails to some extent of wrapping 
asbestos paper around a pipe and surrounding the whole with hair felt, 
I made tests as to the temperature of the bounding line of the asbes- 
tos paper and hair felt, using a LeChatelier Thermo-electric Pyrome- 











aspen 
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ter for this purpose. The different samples of asbestos paper give 
widely varying results, but a general idea of the protection afforded 
by the paper may be had from Table VI. 
TABLE VI. 
PROTECTION AFFORDED BY ASBESTOS PAPER. PIPE AT 200 POUNDS PRESS. 








es om P Pressure Corresponding to the 
cness of Asbestos on ' erature of bly Poa, ft 
Thickness — Temperature of Pipe. Temy “aes Inside | Temperature of the Inside 
Paper. | of Hair Felt. | ate Fal 
| of the Hair Felt. 





dz inch. 384.7° F. | 356° F. 146 pounds. 
Jy inch. | 385.0° F. | 329° F. 102 pounds. 
zs inch. | 384.6° F. | 302° F. 70 pounds. 

1 inch. 384.7° F. | 266° F. 39 pounds. 








I have had my attention called to the varying loss from bare pipes 
when their surfaces were in varying conditions as regard rust, dirt, 
paint, etc. I therefore made a few brief tests to satisfy my mind as 
to the chance of their being any large variation which might influence 
my figure for the loss from bare pipe, viz., 13.84 B. T. U. per square 
feet per minute. The results are shown in Table VII. 


TABLE VII. 


Loss OF HEAT AT 200 POUNDS FROM BARE PIPE. 








Coxprtion oF SpEcimEN. a 
IRGW PING 0S Siok Se - e E e 11.96 
Pair CONdiene fc @ « 4) a 6 ees 13.84 
Rusty an@ bine 3.8 sw Ge 14.20 
Cleaned with caustic potash inside and out . . . 13.85 
Paniee dan Waite: 26 wk se RS eae eS 14.30 
Painted glossy white . 2 . 4.6 # «2 4 4 % 12.02 
Cleaned with potash again . . . 2. . ws. 13.8+ 
Coated with cylinderom ... 24 6 « 6 «a 13.90 
Painted dill black 6 6 8 es ee He 14.40 
Painted glossy blacks 6 6 6 6 ek Sw KS 12.10 








The rate of heat loss from a bare pipe is also affected by the air cir- 
culation and the temperature of the surrounding bodies. A few tests 











208 Charles L. Norton. 


were made to indicate the magnitude of the errors likely to be caused 
by variation in these conditions, and a brief examination of some of 
the results may be interesting. They are given in Table VIII. 
TABLE VIII. 
EFFECT OF SURROUNDINGS. 





B. T. U. lost per sq. ft. per 


| 
CONDITION AND PosiTION OF Pipe. minute at 200 pounds 





1. Standard condition: hung in center of room . 13.84 
2. Near brick wall, between windows . .. . 14.26 
3. Hung horizontally in center of room .. . 12.06 
Pore 
eee . : 36incheslong. . . 13.48 
‘ artical 10- >: 2 4 
i: Wereal Se ps 18 incheslong. . . 14.42 
ss er petted < 10-inch diameter . . 14.42 
5. ¥ -al 18- : 3 hi 
>. Vertical 18-inch long } 4-inch diameter . . 15.20 
6. 4-inch diameter in draft from electric fan. . 20.10 











Table IX shows the varying loss from a bare pipe with the change 
in pressure, 
TABLE IX. 
VARIATION OF HEAT Loss WITH PRESSURE. 





Bare Pipe loss B. T. U. per 





PRESSURE. sq. ft. per minute. 
340 15:97 
200 13.84 
100 8.92 
0 8.04 
60 7.00 
40 5.74 








A very thorough test was made of the common method of judging 
a pipe cover by the sensation of warmth given the hand on touching 
it, and nothing too harsh can be said of this practice. The sensation 
is dependent to such an extent upon the nature of the surface that it 
fails utterly to give any idea of the actual temperature. I have been 
unable to devise any method of so attaching a mercury thermometer 
to the outside of a steam-pipe cover as to make use of it as a testing 
device in measuring heat loss. 


I am desirous of calling attention to the advantages arising from 
the use of plastic, rather than sectional covers. The case of removal 
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for repairs or alterations makes the sectional cover better for some 
work, but there is much pipe surface which might be covered securely 
with plastic, where a sectional cover is soon ruined by vibration. Of 
course, the plastic covers offer no possibility of leaky joints and long 
cracks. It should be borne in mind that in most cases about 20 per 
cent. of the entire surface to be covered is irregular, and must be 
covered by plastic or fittings. It will be well for prospective pur- 
chasers of pipe cover to see to it that their contracts call for fittings 
and plastic of as high an efficiency as the sectional cover shows. 

I am now testing a considerable number of samples of non-con- 
ducting material, not perhaps, classed as pipe covers, but used for 
heat insulation. Table X gives some figures concerning them which 
may be of interest. 

TABLE X. 
MISCELLANEOUS SUBSTANCES. 











Sencine “Tp eee) eee 

Box A: 

De WHEE cee eee er ene 3.18 $34.60 

2. With cork, powdered . . LY is 39.40 

3. With cork and infusorial earth . . 1.90 38.90 

4. With sawdust. «6 «© « « «© & % 2.15 37.90 

5. With chateoal.. 2 << © & % « « 2.00 38.50 

6. Withagies. « « « 4% 4 @ @ 2.46 36.90 
Brick wall 4 inches thick . .... . SRE 28.80 
Pine wood l inch thick . . . . 2. « « 3.56 33.80 
Hair felt Lineitinck « « « « « « % 2.51 36.80 
Cabot’s seaweed quilt linch thick . . . 2.78 35.90 
Spruce linch thick . . 2. . . «© « « 3.40 33.90 
Spruce 2inches thick. . . . . » © % 2.31 37.50 
Spruce 3 inchesthick. . . . + « « + 2.02 38.50 
Oak Tinchkthiek «6 «4. &.4. 6 « 3.65 33.10 
Hard pine linch thick . . . . «© « + 3.72 32.90 
Eider-down 1] inch thick, loose . .. . *1.90 to 2.70 
Eider-down 1 inch thick, tightly packed . | *1.70 to 1.80 : 








* Variable. 
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The box A, referred to in the table, is a 4-inch pine box, large 
enough to surround the pipe, leaving a 1-inch minimum space at its 
four sides. In it were tested several materials which I find are used 
in just this way for steam and cold storage insulation. 


ROGERS LABORATORY OF PHYSICS, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
April, 1898. 


























